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Yuta KUMAGAI
Abstract
Fiber-reinforced polymer-matrix composites (PMCs) have been broadly applied in the aerospace and auto-
mobile industries to reduce the structural weight of transportation vehicles (e.g. aircraft and cars) because the
mechanical properties of PMCs like specific strength and specific stiffness are superior to those of conventional
metal-based materials. For the structural application, CFRPs are mainly used as laminates that are made from
prepreg sheets that consist of reinforcement fibers and matrix resin, stacked with arbitrary fiber angles. The
structures made from laminates have a hierarchical nature that ranges from the molecular scale to the structural
component scale. The interactions between characteristics on the several length scales induce complex failure
mechanisms and manufacturing defects of composite structures. Therefore, an accurate prediction framework
that accounts for the multiscale nature of composites has been desired to design, fabricate, and operate composite
structures efficiently and effectively.
This study investigated structural integrity of composite parts from the viewpoint of initial failure and
manufacturing defects. Chapter 1 describes the background of this study. Chapters 2 and 3 address initial
cracking in laminated composites, employing two-scale finite-element (FE) analysis. Chapters 4 and 5 deal with
manufacturing process-induced deformation modeling, using three-scale approach combining molecular dynamics
(MD) simulation and two-scale FE analysis. Chapter 6 presents conclusions of this study. Contents of each chapter
are briefly presented below.
In Chapter 2, the effect of microscopic stress concentration near the free surface on crack initiation was
evaluated in fiber-reinforced composites using two-scale FE analysis based on the mesh superposition method.
The two-scale analysis in this chapter consisted of the following two analyses: local analysis performed on FE
models that explicitly discretize micron-scale diameter fiber and matrix phases, and global analysis conducted on FE
models assuming a ply to be a homogeneous, anisotropic elasto-plastic body. The global analysis evaluated whole
macroscopic deformation field of laminated composites. An FE mesh for the local analysis was superimposed
on a global FE mesh, under conditions maintaining the continuity of displacement fields between global and
local domains. The local analysis then predicted crack formation, using the displacement field provided by the
global analysis. Predicted initial-cracking and stress-drop strains were compared with previous experimental and
numerical work to assess the effect of free-surface stress concentration on crack formation. The simulated results
indicate that, in the case of unidirectional laminates, the free-surface effect was not critical to final failure and
evaluation of crack initiation at the internal section of laminates is important for predicting final fracture.
In Chapter 3, laminate-configuration dependent initial cracking in quasi-isotropic laminates was investigated
through comparison of decoupled two-scale FE analysis and experimental observation. Decoupled two-scale
FE analysis consisting of fiber-diameter-scale periodic unit-cell (PUC) analysis and laminate-scale analysis was
developed based on results presented in Chapter 2. In the PUC analysis, nonlinear deformation and crack initiation
in the matrix phase of composites were simply modeled by an elasto-viscoplastic law and a stress-based failure
criterion, respectively. In the laminate-scale analysis, nonlinear deformation in unidirectional plies was modeled
by an orthotropic elasto-plastic law to reproduce deformation behavior of laminated composites. To predict
initial cracking in the 90◦ layer of laminate considering both macroscopic deformation and microscopic material
heterogeneity, the laminate-scale FE analysis was conducted first. Subsequently, the microscopic PUC analysis
was performed based on strain histories obtained from the laminate-scale analysis. The developed multiscale
analysis was applied to experimental data reported in previous work and conducted in this study. Comparison
of simulated results with experiment data validated the developed multiscale approach and indicated that damage
progress in the 90◦ layer of quasi-isotropic laminates was initiated by microcrack nucleation and coalescence near
the free edge of laminates followed by full-width transverse cracking.
In Chapter 4, the degree of cure (DOC) dependent properties of a thermosetting polymer were charac-
terized by MD simulation and experiment to validate MD prediction capability. Gelation point, cure-induced
volumetric shrinkage, glass transition temperature, and coefficient of thermal expansion (CTE) were selected
as manufacturing-related properties of polymer-matrix composites. On MD simulation, curing simulation was
carried out to reproduce a cross-linked network of epoxy resin, and then each material property was predicted
using molecular structures ranging from uncured to cured states. On experimental characterization, differential
scanning calorimetry, rheometer, thermomechanical analysis, and digital volume analysis were combined to evalu-
ate polymer property evolution during cure. Comparison of MD predictions with experimental values showed that
MD simulation can quantitatively predict gelation DOC, cure shrinkage, CTE, and an increment of glass transition
temperature.
In Chapter 5, three-scale analysis composed of MD simulation, microscopic PUC FE analysis, and mesoscopic
FE analysis was developed to predict process-induced deformation of composite parts. In this approach, cure-
induced shrinkage deformation and gelation point of thermoset matrix were predicted first by MD simulation
demonstrated in Chapter 4. Shrinkage deformation of unidirectional laminae was then evaluated by microscopic
PUC analysis, using gelation point and cure shrinkage of the matrix phase obtained by MD simulation. Finally,
process-induced deformation of composite parts was predicted by mesoscopic FE analysis in which each layer
of laminate was modeled as an orthotropic homogeneous body, using lamina cure shrinkage obtained from
PUC analysis. Comparison of multiscale predictions with experimental values showed that three-scale approach
developed in this study can reasonably predict process-induced deformation of composite plates. The results
presented in Chapters 4 and 5 indicate that the developed three-scale approach is a useful tool to examine the effect
of thermoset matrix on the process-induced deformation, which is helpful to select candidates of matrix materials
without cost- and time-consuming experimental characterization.
The results presented in this study will contribute to develop a comprehensive multiscale analysis framework
for designing composite structures efficiently and effectively. For instance, the two-scale FE analysis developed
through Chapters 2 and 3, and the MD simulation validated in Chapter 4 can be employed for material selection of
composite structures from the viewpoint of failure and manufacturing properties. Subsequently, processability of
composite components made from the selected materials can be evaluated by the three-scale approach developed
in Chapter 5. This work flow reduces the use of experimental techniques for material selection. It means that the
computational approaches developed through this study can utilized to efficiently select constituents of composite
structures (i.e. matrix thermosets and its composites) particularly on the early design phase of composite structures.
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1.1 Multiscale Nature of Fiber-Reinforced Polymer-Matrix
Composites
Fiber-reinforced polymer-matrix composites (PMCs) have been widely used in the aerospace
and automobile industries to reduce the structural weight of transportation vehicles like aircraft
and cars because their mechanical properties (e.g. specific strength and specific stiffness)
are superior to those of conventional metal-based materials. For the structural application,
fiber-reinforced PMCs are mainly used as laminate. Laminate is made from prepreg sheets,
which consists of micron-scale-diameter fiber reinforcements and polymer matrix, stacked with
arbitrary fiber angles. Thus the structures made from fiber-reinforced PMCs have a hierarchical










Fig. 1.1. Schematic illustration of hierarchical structure of fiber-reinforced composites [1, 2]
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The hierarchical nature of composites can provide excellent material properties that are difficult
to be achieved by conventional isotropic materials. However, the multiscale characteristics
cause complex deformation and failure originated in micron-scale constituents of composites.
Therefore, appropriate evaluation of structural integrity is necessary to design, manufacture,
and operate composite aircraft efficiently and effectively.
1.2 Damage Classification of Composite Structures
Federal Aviation Administration proposed damage classification of composite structures to
evaluate structural integrity of aircraft [3]. Figure 1.2 shows the damage severity classification
and corresponding allowable load levels. In this classification, damage of composite structures
is categorized into 5 stages. Category 1 damage consists of undetectable small damage by
scheduled inspection and allowable manufacturing defects, which does not affect ultimate load
carrying capability of airframes. Category 2 includes detectable damage by regular inspection
and decreases load carrying capability. Category 3 damage involves large-scale damage iden-
tified by walk-around inspection, which requires immediate repairing. Category 4 damage is
Fig. 1.2. Design load levels and damage severity classification of composite aircraft struc-
tures [3]
– 2 –
1.3 Experimental and Numerical Studies on Failure Events in Laminated Composites
a damage class caused by discrete source such as birdstrikes and rotor burst and significantly
decreases load carrying capability of airframes. Category 5 is damage scenarios that are not
covered by design requirement like anomalous in-flight overload and abnormal hard landing.
In these damage categories, only category 1 damage does not need to repair. The understand-
ing of the influence of small damage, such as matrix cracking, and manufacturing defects on
aerostructures is helpful to efficient design, manufacturing, and operation of composite struc-
tures. However, it is a challenging task because it requires a prediction approach appropriately
accounting for the hierarchical nature of PMCs described in the former section. To advance
design, manufacturing, and operation strategies of composite aircraft to more efficient ones,
this study addressed initial damage and manufacturing defect predictions, employing multiscale
analysis approaches.
The following subsections describe recent studies on damage prediction and manufacturing
issues of laminated composites and then present objectives and outline of this study.
1.3 Experimental and Numerical Studies on Failure Events
in Laminated Composites
From the failure prediction point of view, seizing the influence of the micro- and meso-
structures on the damage evolution is key to capturing the dominant failure mechanisms. On
the microscopic scale, the heterogeneous microstructure comprising carbon fibers and matrix
resin affects the microscopic stress/strain fields significantly. In fact, due to large material
property differences between fibers and polymer matrix, large stress concentrations occur in
the matrix phase leading to microscopic damage initiation and subsequent propagation [4–6].
Since the foregoing microscopic damage can grow to mesoscopic damage, e.g. in the form of
transverse cracks and delaminations, it is important to predict damage initiation starting from the
microscopic scale, accounting for material heterogeneity. Another aspect of utmost importance
is the material anisotropy induced by the complex heterogeneous micro- and meso-structures.
Although, if properly exploited, material anisotropy offers a great performance advantage over
the isotropic nature of metals, it also causes complex deformation fields around the free edges of
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laminates [7–9]. These singular deformation fields can induce transverse cracks and subsequent
delaminations, which can eventually lead to complete failure.
Considering these phenomena, computational models for the accurate evaluation of structural
integrity must account explicitly for the nonlinear effects of material heterogeneity at the
microscale and the laminate configuration at the mesoscale.
In the quest for an accurate failure prediction method for composite structures, numerous
experimental and numerical studies have been performed on the microscopic and mesoscopic
scales. In-situ observations of transversely loaded composites by scanning electron microscopy
(SEM) were performed to evaluate the onset of transverse cracks and the influence of voids on
crack initiation [5, 10]. X-ray micro-computed tomography was also used for detailed exper-
imental observation to gain a better understanding of microscopic kink band formation [11],
which is a fiber-dominant compressive failure mode, mesoscopic transverse crack accumu-
lation during tensile loading [12–16], and mesoscopic damage accumulation under fatigue
conditions [17, 18]. The digital image correlation (DIC) technique [19], which enables mea-
surement of the displacement and strain fields of the specimen, was employed to characterize
free-edge strain fields of cross-ply [9] and angle-ply [7, 8] laminates. The DIC observations
pointed out that the strain field near the ply interface causes the biaxial stress state under
uniaxial loading, and the biaxial stress state induces transverse cracking, which was reported
in many literature [20–23], from the interface. The size effect on the tensile failure modes
of quasi-isotropic laminates was studied by tensile tests with several stacking conditions [24].
Interlaminar delamination, which is other typical failure modes of laminated composites, was
also investigated experimentally [16,24–26]. For instance, the effect of interlaminar properties
was evaluated to understand interlaminar fracture toughness and delamination fatigue of CFRP
laminate [25, 26].
To predict the experimentally observed failure behavior, numerical approaches involving
the dominant mechanisms of damage evolution have been developed. On the microscopic
scale, representative volume elements (RVEs) consisting of carbon fibers and matrix resin were
developed to predict the onset of matrix cracks [27, 28] and kink band formation [29, 30]. On
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the mesoscopic scale, intralaminar and interlaminar cracks were predicted for several laminate
configurations, using laminae having homogenized orthotropic properties with cohesive zone
and/or continuum damage mechanics models [15,31–33]. In addition to numerical approaches,
theoretical modeling, which contributes to establishing laminate behavior description, was
performed to predict intralaminar crack accumulation [34], stiffness degradation caused by
intralaminar cracks [35, 36], and delamination onset due to transverse cracks [37]. These
numerical and theoretical studies have contributed to establishing a better understanding of
failure initiation and propagation, and provided good predictions of failure strength and damage
patterns in composite laminates. However, several limitations need to be overcome in order to
improve the accuracy of the foregoing models. In fact, microscopic analysis alone cannot reflect
the complex deformation fields, due to the lack of upper scale data. On the other hand, due to
homogenization of the fiber and matrix phases, mesoscopic analysis cannot address thermal-
load-induced matrix deformation properly, which is known to affect the initial matrix-dominant
failure significantly [38].
To address these challenges, multiscale formulations that account for both the microscopic
and mesoscopic characteristics have been developed for problems related to damage prediction
ranging from static to dynamic loadings [9, 39, 40]. These multiscale approaches employ two
finite-element (FE) analyses on the different length scales: a microscopic analysis considering
the heterogeneity of materials and a macroscopic analysis treating each lamina as homogeneous.
By applying these methods to composite laminates, thickness-dependent cracking strains in
cross-ply laminates [9] and fiber-direction-dependent initial cracking strains in unidirectional
laminates [40] have been successfully predicted. However, these analyses cannot accurately
reproduce the deformation field near the free surface because there is no periodicity in that
region. The stress concentration that occurs on the free-surface region is one of the causes of
crack initiation [21]. Thus, detailed evaluation of the effect of the deformation field near the
free-surface region on crack formation is needed to develop an effective multiscale approach.
In addition to the free-surface problem, validation of a more practical configuration, such as
quasi-isotropic laminates, is required to establish a feasible multiscale simulator.
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1.4 Manufacturing Process-Induced Residual Deformation
Modeling on PMC Structures
For the aerospace application of PMCs, thermosetting resins, such as epoxy resin, are mainly
used for the matrix material of PMCs. PMCs undergo heating-cooling processes to fabricate
structural members. During the processes, thermosetting matrix transforms its phase from
liquid to a solid by curing reaction, and its thermomechanical properties are varied depending
on the degree of cure (DOC). The phase transition and property evolution of matrix resin
cause manufacturing process-induced residual deformation of composite parts and the residual
deformation increases design and manufacturing costs of composite structures. To optimize
the whole manufacturing process of composite structures, accurate evaluation methods of
thermosetting polymer characteristics have been desired.
For process modeling of composite parts, a prediction framework that combined FE analysis
with experiment-driven material models has been developed [41–47]. The experiment-driven
FE approaches successfully predicted cure-cycle dependent residual deformation of PMCs
[41, 45], which is helpful to optimize a manufacturing process of composite members. One
of the important steps of such process simulation is to develop material models of thermoset
matrix and their composites. Multiple thermo-analytical techniques are commonly used to
characterize the curing behavior and cure-dependent properties of thermosetting polymers. For
instance, differential scanning calorimetry (DSC) is used to measure cure kinetics [48–51],
glass transition temperature [49], and heat capacity of resins. A Rheometer is employed to
determine the gelation point [50–52], viscoelastic properties [49, 51, 53], and cure-induced
shrinkage [50, 51]. Thermomechanical analysis (TMA) is adopted to assess coefficients of
thermal expansion (CTEs) [51], glass transition temperature [51], and cure shrinkage [52].
Dynamic mechanical analysis (DMA) is applied to quantify viscoelastic properties [53] and
elastic modulus [51]. The combination of these methods allows the understanding of the
processing behavior of thermosetting polymers reasonably well, and allows development of
material models for process simulation.
One of the difficulties of the experiment-based process simulation is costs and complexity
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of experimental material model development. The experimental-based model development is
essentially a time- and cost-consuming work because a combination of multiple experimental
technique is required to fully capture processing-related material properties [51] and then
repeated tests with several process parameters are carried out to validate developed material
models. In addition, enhancement of material model quality within limited design period is a
challenging task. This is because a certain range of material properties is difficult to measure
due to limitations arising from measurement principles and developed material models contain
uncertainty due to a combination of several measurement techniques. To shorten design time
and cost for material screening on the early design phase in particular, it is not pragmatic to use
only experimental means for material model development.
Computational material testing using molecular dynamics (MD) simulation has become a
powerful tool in various engineering fields due to the development of molecular force fields
and the growth of powerful computing infrastructures. For thermoset polymer application,
curing algorithms to reproduce a cross-link network of thermosetting polymers have been de-
veloped [54–58], and MD simulation reasonably predicted thermomechanical properties of
cured thermosets such as elastic moduli [59–61], density [57, 62, 63], glass transition tem-
perature [57, 59, 60, 62, 63], and coefficients of thermal expansion [57, 60, 62]. In addition to
fully cured properties, DOC dependent thermomechanical properties were predicted by MD
simulation [57,59,60,62,63]. Evaluation of these property changes during cure is important to
optimize manufacturing processes of composite parts containing polymer matrix. However, the
detailed validation of MD prediction capability has not been addressed because the difficulty of
experimental characterization leads to few experimental data sets available for MD simulation.
By applying the MD simulation to process modeling, a multiscale approach composed of
MD simulation, DSC and beam theory was developed and it successfully predicted cure-
induced residual deformation on a bi-material beam consisting of neat resin and unidirectional
carbon/epoxy lamina [64]. This type of multiscale analysis composed of MD simulation and
structural analysis has a potential for contributing to material selection process of PMCs on




1.5 Objectives and Outline
This study investigated structural integrity of composite members from the viewpoint of
initial failure and manufacturing defects. To account for the multiscale nature of CFRP struc-
tural components, a computational approach combining numerical simulations on the multiple
length scale was developed through the study. This thesis is composed of 6 chapters. Chapter
1 describes the background of this study. Chapters 2 and 3 focus on initial cracking problemes
in composite laminates, using two-scale FE analysis. Chapters 4 and 5 address manufactur-
ing process-induced deformation modeling, employing a three-scale computational approach
combining MD simulation and two-scale FE analysis. Chapter 6 presents conclusions of this
study.
In Chapter 2, effect of free-surface stress concentration on crack initiation in fiber-reinforced
composites was evaluated by multiscale analysis employing the mesh superposition method.
The multiscale analysis in this chapter consists of the following two-scale FE analyses: local
analysis with FE models representing heterogeneous microscopic structures, and global analysis
with FE models assuming a ply to be a homogenized anisotropic elasto-plastic body. Global
analysis was conducted to evaluate macroscopic deformation field of laminated composites.
A local FE model was superimposed on a global FE model, maintaining the continuity of
displacement fields between global and local domains. Local analysis was then performed to
predict crack initiation and crack propagation, using the displacement field obtained from the
global analysis. Predicted initial-cracking strains and stress-drop strains were compared with
previous work to reveal the effect of the free surface stress concentration on crack formation.
In Chapter 3, laminate-configuration dependent initial cracking in quasi-isotropic laminates
was investigated through comparison of decoupled two-scale FE analysis and experimental
observation. Decoupled two-scale FE analysis consisting of fiber-diameter-scale periodic unit-
cell (PUC) analysis and laminate-scale analysis was developed based on results presented in
Chapter 2. In the PUC analysis, nonlinear deformation and crack initiation in the matrix phase
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of composites were simply modeled by an elasto-viscoplastic law and a stress-based failure
criterion, respectively. In the mesoscopic analysis, nonlinear deformation in unidirectional
plies was modeled by an orthotropic elasto-plastic law to reproduce deformation behavior of
laminated composites. To predict initial cracking in the 90◦ layer of laminate considering both
macroscopic deformation and microscopic material heterogeneity, the mesoscopic FE analysis
was conducted first. Subsequently, the microscopic PUC analysis was performed based on
strain histories obtained from the mesoscopic analysis. The developed multiscale analysis was
applied to experimental data reported in previous work and conducted in this paper.
Chapter 4 examines the prediction capability of MD simulation for manufacturing-related
properties of polymer matrix, and Chapter 5 demonstrates the prediction capability of three-scale
analysis for process-induced deformation in composite parts. In Chapter 4, DOC dependent
properties of a thermosetting polymer were characterized by MD simulation and experiment
to validate MD prediction capability. Gelation point, cure-induced volumetric shrinkage, glass
transition temperature, and CTE were selected as manufacturing-related properties of polymer-
matrix composites. On MD simulation, curing simulation was carried out to reproduce a cross-
link network of epoxy resin, and then each material property was predicted using molecular
structures ranging from uncured to cured states. On experimental characterization, differential
scanning calorimetry, rheometer, thermomechanical analysis, and digital volume analysis were
combined to evaluate polymer properties during cure.
In Chapter 5, three-scale analysis composed of MD simulation, microscopic PUC FE anal-
ysis, and mesoscopic FE analysis was developed to predict process-induced deformation of
composite parts. In this approach, cure-induced shrinkage deformation and gelation point were
predicted first by MD simulation demonstrated in Chapter 4. Shrinkage deformation of unidi-
rectional laminae was then evaluated by microscopic PUC analysis, using gelation point and
cure shrinkage obtained by MD simulation. Finally, process-induced deformation of composite
parts was predicted by mesoscopic FE analysis in which each layer of laminate was modeled as
an orthotropic homogeneous body, using lamina cure-shrinkage obtained from PUC analysis.
In Chapter 6, findings of this study are briefly summarized and contribution of the study to
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the composite field is discussed.
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Chapter 2
Evaluation of Free-Surface Effect on Crack
Formation in Unidirectional Off-Axis
Laminates
2.1 Introduction
Carbon fiber reinforced plastics (CFRPs) have been utilized in the aerospace and automobile
industries to reduce the structural weight of transportation vehicles (e.g. aircraft and cars)
because the mechanical properties of CFRPs, such as specific strength and specific stiffness, are
superior to those of conventional metal-based materials. CFRPs are mainly used as laminate.
Laminate is made from prepreg sheets that consist of micron-order diameter fibers and matrix
resin, stacked with various fiber angles. The initial crack strain of the CFRP laminate is used as
one of the design criteria for structures made of CFRPs. However, the prediction of the initial
cracking strain is difficult because of the complex failure mechanisms caused by the multiscale
nature of laminates, as described in Chapter 1. This difficulty increases the safety margin of
structural components, and it hinders reducing the structural weight. Therefore, an accurate
prediction method of the initial crack strain is desired to employ CFRPs more efficiently and
effectively.
The multiscale approach, which consists of microscopic analysis reproducing the material
heterogeneity and macroscopic analysis assuming a material to be a homogeneous body, has
been applied to CFRP laminates to predict the initial crack strain. Okabe et al. [1] employed
the multiscale analysis to predict the cracking strain of cross-ply laminates. Sato et al. [2]
conducted the multiscale approach on tensile tests of unidirectional CFRP laminates under
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off-axis loading to evaluate the fiber-direction dependent initial crack strains. In their work,
periodic unit cell (PUC) analysis was selected as microscopic analysis for predicting crack
initiation on the free surface of laminates. However, their PUC analysis cannot reproduce the
deformation field near the free surface accurately because there is no periodicity in that region.
The stress concentration occurs on the free surface, and it can be one of the causes of crack
initiation [3]. To evaluate the effect of the characteristic deformation near the free surface on
crack formation, another multiscale approach is required.
The mesh superposition method was used as a multiscale approach to simulate non-periodic
stress/strain fields. This method was developed based on the s-version finite-element (FE)
method proposed by Fish [4] and was applied to the analysis of heterogeneous materials
by Takano et al. [5]. In the mesh superposition method, two different meshes are utilized.
First one is a local mesh that considers the heterogeneity of materials and second one is a
global mesh assuming a homogeneous body. The local mesh is superimposed on the global
mesh to reproduce the local heterogeneity of materials, maintaining the continuity of the
displacement fields between local and global domains. This superposition enables us to simulate
the interaction between the deformation behavior of the whole structure and the heterogeneity
of materials. Takano et al. [6] evaluated the stress fields near the interface crack between
a porous thin film and its substrate by the mesh superposition method. In their analysis,
microscopic stress distribution induced by the macroscopic crack and microscopic structure
was well captured. This result indicates that the mesh superposition method can evaluate the
non-periodic stress/strain fields near the free surface.
In this chapter, a multiscale approach based on the mesh superposition method was devel-
oped to predict initial crack strains under appropriate boundary conditions. In the developed
approach, two FE analyses on the different length scales were utilized: local analysis using a
mesh consisting of fibers with a micron-scale diameter and matrix resin, and global analysis
employing a mesh assuming a ply to be a homogeneous, anisotropic elasto-plastic body. Global
FE analysis was performed to obtain the macroscopic deformation fields of the whole laminate.
The local mesh was superimposed on the global mesh where crack initiation was expected to
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occur, maintaining the continuity of the displacement fields between global and local analysis
domains. Local analysis was then conducted to predict crack initiation. In the local analysis,
two failure criteria that correspond to brittle failure and ductile failure were applied to the matrix
phase to predict matrix cracking under elastic deformation and plastic deformation. Global and
local analyses were repeated until the convergence result was obtained. This study focused on
unidirectional laminate to validate the developed multiscale approach, and showed the effect
of non-periodic stress fields near the free surface of laminate on crack formation, which will
contribute to understanding the complex mechanisms of laminate failure. Predicted initial
cracking strains were compared with experimental and simulated results that did not model the
free surface of laminate to evaluate the free-surface stress effect.
2.2 Multiscale Modeling
Multiscale analysis based on the mesh superposition method was performed to predict the
initial cracking strain of unidirectional CFRP laminates under off-axis tensile loading. To
reduce the computational cost of multiscale analysis, the analysis was developed based on the
micro–macro decoupling approach [7]. The analysis consisted of local analysis that considered
heterogeneity of materials and global analysis assuming a homogeneous body. To evaluate
the effect of free-surface stress concentration on the cracking strain, the same problem as that
conducted by Sato et al. [2] was analyzed, and simulated results were compared with their
results obtained from multiscale analysis that did not consider the free-surface effect. This
section explains global and local analyses, and FE formulation for multiscale analysis based
on the mesh superposition method. Material parameters shown in this section correspond to
the experimental and simulated results reported by Sato et al. [2], and simulated results of this
chapter are compared with their results in the next section.
2.2.1 Global Analysis
Under off-axis loading, unidirectional CFRP laminate exhibits nonlinear stress–strain behav-
ior because of the plastic deformation of matrix resin [2, 8, 9]. Heterogeneous deformation
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fields due to the end-tab constraint and the orthotropy of laminate were also observed in off-axis
tensile tests [10]. To reproduce the nonlinear behavior and the heterogeneous deformation
fields, global analysis was conducted based on an anisotropic elasto-plastic constitutive law
proposed by Yokozeki et al. [8,9]. In this constitutive law, the effective stress σ̄eff and the yield



















Here, 1 represents the fiber axis direction, 2 represents the in-plain transverse direction, and 3
represents the out-of-plain transverse direction. The function f given by Eq. (2.2) was used as
the plastic potential for the flow rule The constants a44, a66, and a1 are parameters determining
plastic behavior. The values a44 = 2.0, a66 = 1.6, and a1 = 0.01 were employed, referring to
literature [2].
The relationship between effective stress σ̄eff and effective plastic strain ε̄
p
eff was approximated
by the following power law.{
ε̄
p
eff = A1 (σ̄eff)
n1 for σ̄eff < σ̄thresholdeff
ε̄
p
eff = A2 (σ̄eff)
n2 for σ̄eff ≥ σ̄thresholdeff
(2.3)
Here, A1, n1, A2, and n2 are fitting parameters. To reproduce nonlinear behavior accurately,
two sets of parameters were used in the same way as in literature [11]. In this study, the values
A1 = 3.2 × 10−11, n1 = 3.8, A2 = 4.5 × 10−18, n2 = 7.0, and σ̄thresholdeff = 138 MPa were
employed, referring to literature [2]. The material properties used in the global analysis are
listed in Table 2.1.
Table 2.1. Material properties of unidirectional laminates used in global analysis.
Longitudinal Young’s modulus E1 130 GPa
Transverse Young’s modulus E2, E3 8.21 GPa
Shear modulus G12, G13 4.00 GPa
Shear modulus G23 2.77 GPa
Poisson’s ratio ν12, ν13 0.26
Poisson’s ratio ν23 0.48
Coefficient of thermal expansion α1 0.4 × 10−6 /K
Coefficient of thermal expansion α2, α3 36 × 10−6 /K
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Uniaxial 
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Fig. 2.1. Schematic view of global analysis model.
A schematic view of the computational model is shown in Fig. 2.1. The fiber angles of unidi-
rectional laminates were 15◦, 20◦, 30◦, 45◦, 60◦, 75◦, and 90◦. The length of the computational
model and the assumed initial cracking site were determined based on literature [2]. Incremen-
tal uniaxial displacement was applied to the edge of the analysis model with the displacement
rate of 0.01 mm/s.
2.2.2 Local Analysis
To evaluate the effect of free-surface stress concentration on crack initiation, two-fiber and
four-fiber models were employed in local analysis, shown in Fig. 2.2. For a two-fiber model, a
fiber configuration was assumed to be a square array that is the simplest fiber configuration to
focus on the free-surface effect on crack initiation, without considering the fiber arrangement
effect. For a four-fiber model, a hexagonal fiber array was used to examine the influence of the
fiber arrangement on the free-surface crack initiation. The fiber was modeled as an orthotropic
elastic body, and the matrix resin was modeled as an isotropic elasto-viscoplastic body. Material
properties used in the local analysis were listed in Table 2.2. Compatibility between global and
local analyses was confirmed in literature [2], through comparison of finite-element analyses
with experiment data. In this study, the interface between fiber and matrix resin was assumed to
be perfectly bonding because this chapter focused on a strong fiber–matrix interface system. A
transition layer that has the material properties same as the global analysis was inserted on the









Square fiber array Hexagonal fiber array
Fig. 2.2. FE models and fiber configurations used for local analysis
Table 2.2. Material properties of carbon fiber and epoxy resin used in local analysis
Fiber longitudinal Young’s modulus EL 230 GPa
Fiber transverse Young’s modulus ET 17.5 GPa
Fiber longitudinal Poisson’s ratio νL 0.17
Fiber transverse Poisson’s ratio νT 0.46
Fiber’s coefficient of thermal expansion for the longitudinal direction αL −1.1 × 10−6 /K
Fiber’s coefficient of thermal expansion for the transverse direction αT 10 × 10−6 /K
Matrix Young’s modulus Em 3.2 GPa
Matrix Poisson’s ratio νm 0.38
Matrix’s coefficient of thermal expansion αm 60 × 10−6 /K
of global and local material properties [12, 13]. The fiber diameter was 7 µm, and the fiber
volume fraction was 56%.
The constitutive laws for the fiber and the matrix resin [14] were expressed by the following
equations.
Ûσ = Cf : Ûε (2.4)





1 − D∗σ (2.5)
Here, σ is the stress tensor, Cf is the elastic stiffness tensor for the fiber, Cm is the elastic stiffness
tensor for the matrix resin, ε is the strain tensor, µ is the Lamé constant, ε̄p is the equivalent
plastic strain, σ̄ is the von Mises stress, σ′ is the deviatoric stress tensor, and · indicates time
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differentiation. The variable D∗ is a scalar variable that gives the stiffness degradation rate.
The equivalent plastic strain rate Û̄εp was determined by the following equation used by Matsuda









g (ε̄p) = g1 (ε̄p)g2 + g3. (2.7)
Here, Ûεr is the reference strain rate; σm is the hydrostatic stress; m is an exponent regarding
strain-rate sensitivity; β is hydrostatic stress sensitivity; and g1, g2 and g3 are material constants.
Te values Ûεr = 1.0 × 10−5, m = 1/35, β = 0.2 were employed, referring to literature [16];
g1 = 90 MPa, g2 = 0.08, and g3 = 20 MPa were determined based on the neat-resin experiment
performed by Fiedler et al. [17].
In this study, two failure criteria were employed for the matrix resin to predict crack initiation.
The first one was the dilatational energy density criterion, proposed by Asp et al. [18]. The
dilatational energy density of a linear elastic body, Uv, is given by the following equation:
Uv =
3 (1 − 2ν)
2E
σ2m, (2.8)
where ν is Poisson’s ratio and E is Young’s modulus. A matrix crack was assumed to occur
when Uv reached a critical value, Ucritv , under elastic deformation. The value Ucritv = 0.9 MPa
was employed, which was determined through comparison between 90◦ off-axis tests and its
PUC analysis in literature [2]. The second criterion was based on the damage parameter,
D, calculated by the following evolutionary equation [19], which is based on the Gurson–
Tvergaard–Needleman model [20, 21].
ÛD = H (σ̄ − σY) (1 − D)C〈 Ûεpm〉 + (B0 + B1D) Û̄εp, (2.9)
where










The first term on the right-hand side in Eq. (2.9) represents void growth caused by mean plastic
vertical strain, and the second term indicates damage evolution caused by shear deformation.
Here, H is the Heaviside function; σ̂ is the reference stress; σY is the linearity limit of the matrix
resin; []• indicates time differentiation; and A, B0 and B1 are non-dimensional constants. The
values σ̂ = 73 MPa, A = 1.5, B0 = 0.6, and B1 = 0.6 were employed, which were determined
based on tensile and compressive test results of neat resin done by Fiedler et al. [17]. The
variable D∗ was introduced to include the effect of the rapid evolution of damage due to the
coalescence of micro voids [21].
D∗ =









ÛD (D < Dc)
D∗crit − Dc
Dcrit − Dc
ÛD (D ≥ Dc)
(2.12)
Rapid damage evolution started when D reached the threshold value Dc. Here, Dcrit is the
critical value of D, and D∗crit is the critical value of D∗. A matrix crack was assumed to occur
when D reached the critical value, Dcrit, under plastic deformation. The PUC analysis utilized
Dc = 0.08, Dcrit = 0.25, and D∗crit = 1/1.5, referring to literature [22]. To avoid the mesh
dependence of matrix damage, the nonlocalization of the damage variable D was conducted
according to literature [23].
2.2.3 Computational Procedure for Multiscale Analysis
In this subsection, a multiscale approach based on the mesh superposition method is briefly
introduced. In the approach, the local mesh, which consisted of several fibers and the matrix
resin, was superimposed on the global mesh, which was modeled as a homogeneous body to
represent local heterogeneity of the material. Figure 2.3 (a) shows the schematic view of the
mesh superposition analysis and the definition of each domain. The displacement field u in the




uG + uL on ΩL
. (2.13)
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Magnify the assumed cracking 
site depicted in Fig. 1
Local Region: ΩL
(b) Analysis configuration of present multiscale simulation
Fig. 2.3. Schematic view of mesh superposition method.
Here, uG is the displacement vector on the whole domain, and uL is the local perturbation
of the displacement field reproduced in the local domain. To maintain the continuity of the
displacement field between global and local domains, the following condition was imposed on
the boundary ΓGL between ΩG and ΩL:
uL = 0 on ΓGL. (2.14)
Finally, the formulation of the FE method for multiscale analysis is presented. The analytical
region is expressed by Ω, and the prescribed boundary is expressed by Γt. The principle of
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virtual work is written as follows:∫
Ω
σ : δε dΩ =
∫
Γt
f · δu dΓ. (2.15)
Here, f is the external force vector on Γt, and δ represents the virtual component. Now quasi-
static formulation is employed to solve the unknown state at time t′ = t + ∆t, using known





t Ûσ : δε dΩ =
∫
Γt
t ′ f · δu dΓ −
∫
Ω
tσ : δε dΩ. (2.16)
Applying the displacement conditions and the constitutive laws for each domain to Eq. (2.16)














































































































































































































































































Here, K is the stiffness matrix, ∆d is the nodal displacement increment, F is the external force
vector, ∆F th is the force vector caused by the temperature change ∆T , Q is the internal force
vector, Qv is the internal force vector derived from viscous components in Eq. (2.5), Qdam is the
internal force vector derived from and damage components in Eq. (2.5), B is the compatibility
matrix between strain and displacement, D is the constitutive matrix, N is the shape function,
α is the thermal expansion coefficient vector, and σ̂ is a vector form of the stress tensor.
Superscript G indicates global components, L indicates local components, and GL indicates
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coupling components. Subscript f represents the fiber, and m represents the matrix resin.
In this study, Eq. (2.17) was solved iteratively to reduce computational cost [24]. The first




FG + ∆FGth,G −
tQG − t ′QGL, (2.19)
KL∆dL = t
′
FL + ∆FLth −








































































The interaction between global and local domains was considered using displacement incre-
ments calculated on each domain. The analysis configuration of the multiscale simulation is
presented in Fig. 2.3 (b). In this study, the local model was superimposed on the assumed
cracking site, which was the free surface of the global model, indicated in Fig. 2.1. Iterative
global-local analysis was carried out to predict initial cracking strain considering the interaction
between macroscopic deformation and microscopic heterogeneity.
The computational procedure of present multiscale analysis is shown in Fig. 2.4. Global
analysis was conducted based on Eq. (2.19), using the coupling force QGL calculated in local
analysis at the previous iteration step. In the global analysis, deformation history used for local
analysis was calculated by applying the temperature difference ∆T , which corresponded to
the difference between curing temperature and room temperature, and uniaxial tensile loading.
Local analysis was then performed based on Eq. (2.20), using the global displacement increment
∆dG solved at the current iteration step. In the local analysis, the temperature difference ∆T
was applied to calculate initial deformation states of fibers and matrix. Uniaxial tensile analysis
was then performed to predict initial crack formation in the matrix phase. After local analysis,
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Global Analysis based on Eq. (2.19)
(I) Temperature reduction (ΔT = 100 K)
(II) Uniaxial tensile loading
Local Analysis based on Eq. (2.20)
(I) Temperature reduction (ΔT = 100 K)
(II) Uniaxial tensile loading
(III)Prediction of initial cracking strain
GLQCoupling force
Fig. 2.4. Computational procedure of multiscale analysis based on mesh superposition
method.
the convergence of multiscale analysis was evaluated based on the following equations:εi,current − εi,previous < 10−5εdrop,current − εdrop,previous < 10−5 . (2.22)
Here, εi,previous is initial cracking strain obtained from the previous step analysis, and εi,current
is that obtained from current step analysis. The variable εdrop,previous is the stress drop strain,
which is detailed later, obtained from the previous step analysis, and εdrop,current is that obtained
from the current step analysis. Global analysis and local analysis were conducted iteratively
until the convergence condition defined by Eq. (2.22) was satisfied.
2.3 Results and Discussion
Figure 2.5 compares cracking strains obtained by the developed multiscale analysis and the
previous work [2]. The horizontal axis represents the fiber direction with respect to the loading
direction named as the off-axis angle, and the vertical axis indicates the cracking strain. Red
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Fig. 2.5. Comparison of cracking strains obtained by developed multiscale analysis with those
of experimental and numerical work reported by Sato et al. [2].
circles show the predicted cracking strains obtained by the multiscale analysis based on the
mesh superposition method, using square-array local models. The solid circles represent the
initial cracking strains, and the open circles indicate stress drop strains explained later. The
black plots depict experimental failure strains of off-axis tensile tests and simulated results
obtained by the multiscale approach using PUC analysis reported by Sato et al. [2]. In their
results, experimental failure strain was defined as the strain at which a specimen was completely
separated. Simulated initial cracking strain was defined as the strain at which a first matrix
element satisfied the failure criterion in PUC analysis. They compared experimental failure
strain and simulated initial cracking strain under the assumption that an initial crack immediately
led to the final failure, which means that the simulated initial crack strain was equal to the final
failure strain. When the off-axis angle was larger than 30◦, the simulated initial cracking strains
agreed with experimental data and simulated results using PUC analysis. In these cases, the
initial crack occurred in the internal region of the local FE models. In contrast, when the
off-axis angle was smaller than 30◦, the initial cracking strains underestimated the previous
data, and the initial crack occurred on the free surface of the local models.
To evaluate the free surface effect on crack formation, the simulated results of the 30◦ and
20◦ off-axis tests are compared. Figure 2.6 shows the stress–strain curves obtained by local
analyses of the 30◦ and 20◦ off-axis tests. The horizontal axis represents applied strain, and the
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(I) Crack initiation (II) After stress drop
(III) Crack initiation
(IV) Before stress drop
(V) After stress drop
Fig. 2.6. Comparison of stress–strain curves obtained by local analyses of 20◦ and 30◦ off-axis
tests.
vertical axis indicates macroscopic stress of the loading direction, which was calculated as the
volume average of fiber and matrix stresses over the local FE model. The stress drop strain is
defined as the strain at which the macroscopic stress decreases by 4%. In the case of the 30◦
off-axis test, the initial cracking strain coincided with the stress drop strain. On the other hand,
when the off-axis angle was 20◦, the initial crack did not affect the stress drop. The stress drop
strains obtained by the multiscale analysis are plotted in Fig. 2.5. The simulated results of the
present study qualitatively agreed with the previous data, except for one obtained from the 15◦
off-axis case.
Figure 2.7 (a) shows the von Mises stress and hydrostatic stress distribution of matrix resin
before crack initiation obtained by multiscale analysis of the 30◦ off-axis test. The initial crack-
ing site is illustrated by the black circle. Figure 2.7 (b) shows the matrix stress distribution
along the fiber–matrix interface, which corresponds to the left fiber–matrix interface presented
in Fig. 2.7 (a). Initial stress states obtained from thermal analysis are also shown in Fig. 2.7 (b).
Non-periodic stress distribution near the free surface was obtained by the multiscale analysis.
However, in this case, the initial crack was generated in the internal region where the stresses
were uniformly distributed. This uniform stress distribution can be considered periodic dis-
tribution. In addition, the large hydrostatic stress generated by thermal analysis was observed
around the initial cracking site and contributed to inter-fiber crack formation, as reported in
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Distance from the free surface (μm)
Hydrostatic stress (After thermal analysis)
von Mises stress (After thermal analysis)
Hydrostatic stress (Before crack initiation)
von Mises stress (Before crack initiation)
Initial cracking site
(b) Stress distribution along the fiber–matrix interface
Fig. 2.7. Simulated von Mises and hydrostatic stress distributions near initial cracking site of
30◦ off-axis test.
reference [25].
Figure 2.8 shows cracking patterns obtained by local analysis of the 30◦ off-axis test. The
figures (a) and (b) correspond to the points (I) and (II) depicted in Fig. 2.6. In these figures,
blue elements represent fiber elements, and red elements indicate matrix elements that satisfy
the failure criterion under plastic deformation. In this case, crack was initiated in the internal
region of the local FE model, and steadily propagated along the fiber axial direction because of
– 33 –
Chapter 2 Evaluation of Free-Surface Effect on Crack Formation in Unidirectional Off-Axis Laminates
Initial crack
Matrix element which satisfies the dilatational energy density criterion
Fiber element
Matrix element which satisfies the ductile damage growth law
1
2
(a) 1.54% strain (crack initiation)
(b) 1.54% strain (after stress drop)
Fig. 2.8. Cracking patterns in local analysis of 30◦ off-axis test. (a) and (b) correspond to (I)
and (II) depicted in Fig. 2.6.
the uniform von Mises and hydrostatic stress distribution shown in Fig. 2.7(b). The large von
Mises stress between fibers promoted the plastic deformation of the matrix resin, and it led to
matrix damage evolution. After the von Mises stress exceeded the linear limit of the matrix
resin, the hydrostatic stress contributed to the growth of plastic voids or defects in the matrix.
Finally, coalescence of these micro voids generated matrix cracks. In addition, the uniform
inter-fiber stress distribution depicted in Fig. 2.7(b) promoted the same-level damage evolution
in the internal region. Thus, crack initiation on the internal area led to the subsequent crack
propagation shown in Fig. 2.8(b), and this crack propagation caused the sudden stress drop.
Consequently, the simulated results obtained from the large off-axis angle tests agreed with the
previous multiscale approach using PUC analysis.
Figure 2.9 (a) shows the von Mises stress and hydrostatic stress distribution of matrix resin
before crack initiation, obtained by multiscale analysis of the 20◦ off-axis test. The initial crack-
ing site is illustrated by the black circle. Figure 2.9 (b) presents the matrix stress distribution
along the fiber–matrix interface, which corresponds to the right fiber–matrix interface shown
in Fig. 2.9 (a). Initial stress states obtained by thermal analysis are also plotted in Fig. 2.9 (b).
As shown in Fig. 2.9 (b), the von Mises stress at the interface near the free surface is much
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Distance from the free surface (μm)
Hydrostatic stress (After thermal analysis)
von Mises stress (After thermal analysis)
Hydrostatic stress (Before crack initiation)
von Mises stress (Before crack initiation)
Initial cracking site
(b) Stress distribution along the fiber–matrix interface
Fig. 2.9. Simulated von Mises and hydrostatic stress distribution near the initial cracking site
of 20◦ off-axis test.
larger than that in the internal region, because considerable shear deformation occurred near the
free surface. This large von Mises stress caused plastic deformation. In addition, hydrostatic
stress was not small on the free surface. These von Mises stress and hydrostatic stress caused
rapid damage growth under plastic deformation, and led to crack formation at the small applied
strain.
Figure 2.10 shows cracking patterns obtained by local analysis of the 20◦ off-axis test,
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Initial crack
Matrix element which satisfies the dilatational energy density criterion
Fiber element
Matrix element which satisfies the ductile damage growth law
1
2
(a) 0.79% strain (crack initiation)
Inner crack formation
(b) 1.71% strain (before stress drop)
(c) 1.71% strain (after stress drop)
Fig. 2.10. Cracking pattern in local analysis for 20◦ off-axis test. (a), (b) and (c) correspond
to (III), (IV) and (V) depicted in Fig. 2.6.
corresponding to the points (III), (IV), and (V) depicted in Fig. 2.6. The initial crack occurred
on the free surface where the von Mises stress was larger than in other regions. However, this
crack did not grow toward the fiber axis direction. This is because the large von Mises stress was
distributed only near the free surface, and hydrostatic stress drastically decreased near the free
surface, as shown in Fig. 2.9 (b). In contrast, as shown in Figs. 2.10 (b) and (c), cracks generated
in the internal region propagated along the fiber–matrix interface. Figure 2.11 illustrates
simulated von Mises and hydrostatic stress distribution before inner crack formation. Around
the internal cracking site, von Mises and hydrostatic stresses were uniformly distributed. The
large inter-fiber von Mises stress promoted plastic deformation of the matrix, and the hydrostatic
stress caused void and defect growth under plastic deformation. This damage evolution finally
led to crack initiation and subsequent crack growth, and then the crack propagation caused the
stress drop depicted in Fig. 2.6.
Finally, the influence of fiber arrangement of the free-surface effect was examined by the
multiscale analysis employing hexagonal fiber array local models. Simulated cracking strains
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(b) Stress distribution along the fiber–matrix interface
Fig. 2.11. Simulated von Mises and hydrostatic stress distribution near the initial cracking
sites of 20◦ off-axis test before stress drop.
obtained by the hexagonal fiber models are presented in Fig. 2.5. Although predicted cracking
strains overestimated the experimental values due to the fiber configuration effect, predicted
cracking modes were identical with the case of the square array. The results presented in this
chapter indicate that crack initiation on the free-surface region is not critical to predict failure
strain of unidirectional CFRP laminates under off-axis loading. In other words, evaluation of
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initial cracking at the sites where the free-surface effect is negligible is important to predict
failure strain accurately.
2.4 Summary
In this study, a multiscale approach based on the mesh superposition method was applied to
tensile tests of unidirectional CFRP laminates to evaluate the effect of the non-periodic stress
field near the free-surface region on crack formation. Simulated initial cracking strains agreed
with experiment data and simulated results using PUC analysis [2] when the off-axis angle
exceeded 30◦ and the initial crack occurred internally. In contrast, simulated initial cracking
strain underestimated the previous results when the off-axis angle was small and the initial
crack occurred on the free surface due to considerable shear deformation.
Crack propagation analyses were conducted to examine the effect of the free-surface initial
crack on load-carrying capability. In the case of the 30◦ off-axis test, the initial crack generated
in the internal region propagated along the fibers and caused stress drop. In the case of the 20◦
off-axis test, the free-surface initial crack did not propagate toward the fiber direction while the
internal crack caused stress drop. These results indicate that the free-surface crack is not critical
to final failure of unidirectional laminate. Therefore, the free-surface effect in unidirectional
laminate is negligible, and evaluation of the internal crack formation is important to predict
failure strain accurately.
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Chapter 3
Numerical and Experimental Studies of
Crack Initiation in Quasi-Isotropic
Laminates
3.1 Introduction
In recent years, fiber-reinforced plastics (FRPs) have been applied to a wide range of products,
such as aircraft, automobiles, and wind turbines, to achieve superior performance than products
made from conventional metal-based materials [1–4]. In the aerospace field, carbon fiber
reinforced plastics (CFRPs) have been broadly used for structural members to reduce the weight
of aircraft, which contributes to enhancement of environmental friendliness and payload [2,5].
For aerostructures, CFRPs are mainly employed as laminates, manufactured from prepreg sheets
consisting of carbon fibers and matrix resin. These structures have a hierarchical nature that
ranges from the fiber-diameter scale to the structural component scale. The several length scales
represent some of the causes of complex failure mechanisms of composite structures [6, 7].
To improve the design quality, performance, and safety of structures made from laminated
composites, accurate prediction methods of failure events in composites are essential.
The transverse crack is one of the dominant damages in tensile-loaded composite laminates
and was investigated in this chapter. According to extensive work on transverse cracking [8–12],
the process of a full-width transverse crack formation can be classified into three stages, as
summarized in Figure 3.1. At stage 1, nucleation of microcracks is induced near the free edge of
the laminate by the free-edge stress concentration. At stage 2, coalescence of microcracks occurs




































Fig. 3.1. Schematic illustration of transverse cracking process in 90◦ layer of composite
laminate
Finally, at stage 3, steady-state crack growth is initiated after energy criteria are satisfied, and
then a full-width transverse crack is formed. The onset and propagation of such transverse cracks
were discussed for cross-ply laminates using a two-dimensional model [10, 13, 14]. However,
the prediction capability for the damage progress depending on laminate configurations is not
validated on quasi-isotropic laminates using a three-dimensional model.
In this study, a multiscale approach consisting of a laminate-scale FE analysis and a micro-
scopic periodic unit cell (PUC) analysis was developed to predict the onset of matrix cracks
in the 90◦ layer of quasi-isotropic laminates. A mesoscopic FE analysis that reproduced the
nonlinear off-axis deformation of each ply was performed to obtain the deformation histories
at the locations where matrix crack onset was most likely to occur. Then, a microscopic PUC
analysis was conducted to predict matrix crack initiation based on the strain histories obtained
from the mesoscopic analysis. In the microscopic analysis, material nonlinearity and crack ini-
tiation in the matrix phase were simply modeled by an elasto-viscoplastic law and a multiaxial
stress-based failure criterion. The multiscale analysis was applied to experiments on quasi-
isotropic laminates performed in literature [15, 16] and in this work to validate the prediction
capability of the developed multiscale approach and discuss the cracking events in laminated
composites with practical laminate configurations. On comparison with experiments available
in the literature, nine laminate configurations including cross-ply and quasi-isotropic laminates
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were simulated to demonstrate the prediction capabilities for mesoscopic stress–strain behavior
and laminate-configuration-dependent transverse cracking strains in the 90◦ layer of laminates.
For further discussion of transverse crack prediction, detailed microscopic observation of initial
and transverse cracking on three laminate configurations were conducted in the present work
using the in situ replication technique and ex situ X-ray computed tomography. The validity of
the developed approach and cracking sequence in the 90◦ layer of quasi-isotropic laminates were
discussed through the comparison of the predicted results with experimental observations.
3.2 Simulation Methods
The strains at microcrack initiation in laminated composites were predicted by a multiscale
approach that consists of laminate-scale finite-element (FE) analysis and fiber-diameter-scale
periodic unit cell (PUC) analysis. Figure 3.2 shows a flowchart summarizing the computational
procedure of the multiscale analysis which features a micro–macro decoupling approach [17] to
perform the two-scale analysis efficiently. The following subsections describe the mesoscopic





(I) Temperature reduction ΔT
(II) Uniaxial tensile loading
Microscopic Analysis
(I) Temperature reduction ΔT
(II) Uniaxial tensile loading
(III)Prediction of initial cracking strain
Fig. 3.2. Computational procedure for micro–macro decoupled multiscale analysis
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3.2.1 Mesoscopic Finite-Element Analysis
The laminae in a unidirectional CFRP composite under off-axis loading exhibit a nonlinear
stress–strain behavior due to irreversible, nonlinear deformation in the matrix. The mesoscopic
analysis was conducted leveraging an anisotropic elasto-plastic constitutive law proposed by
Yokozeki et al. [18, 19] to capture the nonlinear behavior of the resin. In this constitutive law,
the effective stress σ̄eff and yield function f are defined by the stress components associated


















3 f , (3.2)
where the subscript 1 represents the fiber axis direction, the subscript 2 represents the in-plane
transverse direction, and the subscript 3 represents the out-of-plane transverse direction. The
yield function f given by Eq. (3.2) was used as the plastic potential for the flow rule [18] with
the material parameters a44, a66, and a1 governing the plastic behavior. Following Sato et
al. [20], the values a44 = 2.0, a66 = 1.6, and a1 = 0.01 were adopted in this work.
The relationship between the effective stress σ̄eff and the effective plastic strain ε̄
p
eff , which
reminds a Ramberg–Osgood model [21], can be written as follows:{
ε̄
p
eff = A1 (σ̄eff)
n1 for σ̄eff < σ̄thresholdeff
ε̄
p
eff = A2 (σ̄eff)
n2 for σ̄eff ≥ σ̄thresholdeff
(3.3)
where A1, n1, A2, and n2 are parameters to be fitted against the experimental uniaxial stress–
strain curve. Two sets of parameters were used in the same way as reported in literature [22]
for accurate reproduction of nonlinear behavior. In this study, A1 = 3.2 × 10−11, n1 = 3.8,
A2 = 4.5 × 10−18, n2 = 7.0, and σ̄thresholdeff = 138 MPa were employed , as reported by Sato
et al. [20]. A list of all the material properties used in the mesoscopic analysis is provided in
Table 3.1.
A typical FE model used in the mesoscopic analysis is shown in Figure 3.3. As can be noted,
each lamina was modeled as a homogeneous anisotropic body with fiber angles assigned based
on the stacking sequence of the laminate. A three-dimensional mesh of 43,200 eight-node
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Table 3.1. Material properties used in mesoscopic FE analysis
Material constant a44 2.0
a66 1.6
a1 0.01
A1 3.2 × 10−11
n1 3.8






ux = uy = uz = 0
at x = 0
uy = uz = 0
at x = L
uz = 0 at z = 0
Uniaxial
displacement
Fig. 3.3. FE model used for macroscopic analysis showing the applied boundary conditions.
The insert shows a detail of the three-dimensional mesh adopted in this model.
full-integration hexahedral elements was used for each ply. The temperature change ∆T was
imposed to the analysis model to reproduce the thermal residual strains due to the temperature
difference between the manufacturing temperature and room temperature. Then, incremental
uniaxial displacement was applied to the edge of the analysis model with a displacement rate
of 0.5 mm/min and a time increment of 0.96 s. A static explicit FE code employing the direct
sparse solver PARDISO provided by the Intel Math Kernel Library [23] was developed and
used for the mesoscopic analysis.
3.2.2 Microscopic Periodic Unit-Cell Analysis
To predict the crack initiation under several loading conditions, a three-dimensional unit cell








PBCs were applied to each 




Fig. 3.4. FE model for microscopic PUC analysis
the mesh of the FE model used for the microscopic analysis along with the applied periodic
boundary conditions (PBCs). The carbon fibers were modeled as an orthotropic elastic body
whereas the mechanical behavior of the matrix was described by an isotropic elasto-viscoplastic
formulation. In this study, the fiber and the matrix were assumed to be perfectly bonded in
order to focus only on the matrix cracking. Further, PBCs were imposed on the unit cell
model (Figure 3.4). A three-dimensional mesh of approximately 55,000 ten-node second-order
tetrahedral elements was used for the unit cell. A static-explicit FE code employing the direct
sparse solver PARDISO [23] was developed and used for the microscopic PUC analysis.
To predict the initiation of matrix cracking, nonlinear material behavior was considered in
the matrix phase in the PUC analysis. The nonlinear stress–strain response of the epoxy resin
was reproduced by the following an elasto-viscoplastic model:




where σ is the stress tensor, Cem is the elastic stiffness tensor for the matrix resin, ε is the strain
tensor, µ is the Lam辿 constant, ε̄p is the equivalent plastic strain, σ̄ represents the von Mises
stress, σ′ the deviatoric stress tensor, and · indicates time differentiation. Following Matsuda et
al. [24], the equivalent plastic strain rate Û̄εp was determined leveraging the following equations,
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g (ε̄p) = g1 (ε̄p)g2 + g3. (3.6)
Here, Ûεr is the reference strain rate; σm is hydrostatic stress; m is an exponent controlling the
strain rate sensitivity; β defines the hydrostatic stress sensitivity; and g1, g2 and g3 are material
constants. The values Ûεr = 1.0 × 10−5, m = 1/35, β = 0.2 were employed, in accordance with
a previous report [25]. The values g1 = 90 MPa, g2 = 0.08, and g3 = 20 MPa were determined
based on the neat resin experiment performed by Fiedler et al. [26].
The process of matrix crack onset was predicted by Christensen’s failure criterion [6], which











Here, T and C are the tensile and compressive strength of the resin, and σ̂m and ˆ̄σ are the
hydrostatic and equivalent stresses normalized by C, respectively. In this study, T = 120 MPa
and C = 200 MPa were assumed, as proposed in Kumagai et al. [27]. To avoid spurious mesh
dependence in the presence of matrix damage, nonlocalization of the variable F was conducted
according to literature [28]:




h (s − x) F (s) dV (s) , (3.8)
h (x) = exp
{








h (s − x) dV (s) . (3.10)
Here, F̄ is the nonlocalized damage parameter, V is the reference volume, k is the dimensionality
(k = 3 in this study), and l is a reference length for nonlocalization. The value l = 0.15 µm
was employed, as in literature [25].
A summary of the material properties used in the PUC analysis is provided in Table 3.2.
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Table 3.2. Material properties of matrix resin used in PUC analysis
Reference strain rate Ûεr 1.0 × 10−5
Strain-rate sensitivity parameter m 1/35
Hydrostatic stress sensitivity β 0.2
Hardening rule g1 90 MPa
g2 0.08
g3 20 MPa
Tensile strength of resin T 120 MPa
Compressive strength of resin C 200 MPa
Dimensionality for nonlocalization k 3
Reference length for nonlocalization l 0.15 µm
3.2.3 Computational Procedure
To account for the microscopic structure of composites and their macroscopic deformation
simultaneously, the multiscale analysis described in the previous sections was carried out. The
approach can be summarized as follows.
1) The thermal residual strain for each location in the laminate was calculated by the
macroscopic 3D FEA, by decreasing temperature from the curing temperature to room
temperature. After the calculation of the thermal residual strain, incremental external
displacement was applied to the FE model. During the analysis, the strain history at the
locations of expected crack initiation in the laminate was stored at each step.
2) The thermal stresses in the unit cell model were calculated, decreasing the temperature
from the curing to room temperature. Here, the incremental global strain was adjusted
by a simple feedback approach so that the global stress components were zero [9]. The
stress/strain field obtained from this calculation was assumed as the initial state.
3) The strain history obtained in step 1) was applied as the global strain increment of the
microscopic 3D PUC model. The initial cracking strain was defined as the applied strain
of the laminate at which the failure criterion described in the previous section was first
satisfied for an element.
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3.3 Multiscale Analysis of Tensile Tests on Quasi-Isotropic
Laminates
Multiscale crack prediction was conducted for experiment data available in literature to
demonstrate the crack prediction capability. The following subsections describe the simulation
settings of the multiscale analysis and discuss the results.
3.3.1 Problem Description
The developed multiscale analysis was applied to the tensile tests on quasi-isotropic and
cross-ply laminates conducted by Kobayashi et al. [15, 16]. In the experiments, tensile loading
was interrupted at certain strain levels, and then the number of transverse cracks was counted
using optical microscopy and soft X-ray tomography. The transverse crack was defined as a
crack that completely propagated over the thickness of the laminate. In the multiscale analysis,
the first transverse cracks in the 90◦ ply were predicted for nine laminate configurations listed
in Table 3.3. Because of the symmetrical stacking sequence of the laminates, only half of
the laminate was discretized for the mesoscopic FE analysis, as shown in Fig. 3.3. Expected
cracking points for microscopic PUC analysis were determined based on two-scale analysis
of initial cracks in cross-ply laminates [9]. Strain histories were extracted from the free-edge
interlaminar area between 90◦ and neighboring plies and from the center of the thickness and
width of the 90◦ ply. Material constants used for mesoscopic and microscopic FE analyses are
summarized in Table 3.4.
3.3.2 Results and Discussion
First, the mesoscale FE analysis was performed to obtain the strain data for the subsequent
microscopic analysis. Figure 3.5 compares the stress–strain curves obtained by the mesoscopic
FE analysis to the experimental data by Kobayashi et al. [15, 16]. Solid and dashed lines show
the predicted results whereas the symbols represent the experimental data. As can be noted,
the mesoscopic analysis, based on the anisotropic elasto-plastic constitutive model described
by Eqs. (3.1)–(3.3), successfully reproduced the stress–strain response up to failure initiation
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Table 3.3. Laminate configurations and specimen dimensions used for multiscale analysis of
T800H/3900-2 laminated composites
Laminate configuration












Table 3.4. Mechanical properties used in mesoscopic FE analysis and PUC analysis of
T800H/3900-2 laminates
Mesoscopic FE analysis
Longitudinal Young’s modulus E1 151 GPa
Transverse Young’s modulus E2, E3 9.16 GPa
Shear modulus G12, G13 4.62 GPa
Shear modulus G23 2.55 GPa
Poisson’s ratio ν12, ν13 0.302
Poisson’s ratio ν23 0.589
Coefficient of thermal expansion for longitudinal direction α1 0 × 10−6/K
Coefficient of thermal expansion for transverse direction α2, α3 33 × 10−6/K
Temperature change ∆T −150 K
Microscopic PUC analysis
Fiber longitudinal Young’s modulus EL 294 GPa
Fiber transverse Young’s modulus ET 19.5 GPa
Fiber longitudinal Poisson’s ratio νL 0.17
Fiber transverse Poisson’s ratio νT 0.46
Fiber’s coefficient of thermal expansion for longitudinal direction αL −1.1 × 10−6/K
Fiber’s coefficient of thermal expansion for transverse direction αT 10 × 10−6/K
Matrix Young’s modulus Em 3.2 GPa
Matrix Poisson’s ratio νm 0.38
Matrix’s coefficient of thermal expansion αm 60 × 10−6/K
Fiber volume fraction Vf 56%
Fiber diameter df 5 µm
for every laminate configuration investigated in this work. On the other hand, Figs. 3.6(a)
and (b) show the strain histories obtained from the 90◦ layer at the −45◦/90◦ interface of the
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[0/±45/90]s laminate. In Fig. 3.6(a), the mesoscale strain components are plotted as a function
of the temperature change from curing temperature to room temperature and, in Fig. 3.6(b), the
strain components are plotted against the applied macroscopic uniaxial strain. These non-trivial
strains were applied to the unit cell used in the microscopic analysis to predict the strains at the
onset of the first cracks in the 90◦ layer of the laminated composites.








































































































Fig. 3.5. Comparison of stress–strain curves between mesoscopic laminate analysis and
experiments (experimental data taken from Kobayashi et al. [15] and Ogihara et al. [16])
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(b) Strain histories during tensile loading
Fig. 3.6. Strain histories of the 90◦ layer at the −45◦/90◦ interface of the [0/±45/90]s laminate
obtained by mesoscopic analysis: (a) strain against temperature change and (b) strain against
applied macroscopic axial strain
FEA to calculate the related stress distribution in the matrix according to the elasto-viscoplastic
model described by Eqs. (3.4)–(3.6). Then, employing Christensen’s failure criterion [6] in the
form summarized by Eq. (3.7), initiation of the first matrix cracks could be identified for the
90◦ layer. Figures 3.7(a)–(i) summarize the comparison between the simulated initial cracking
strains obtained by the multiscale analysis and the experimental values from literature [15,16].
In each figure, the horizontal axes indicate the mesoscopic strain applied to the laminates,
calculated by subtracting the thermal residual strain from the total strain of the unit cell,
whereas the vertical axes schematically represent the locations in the laminate investigated by
the PUC analysis. Colored and uncolored plots represent the simulated results obtained from
free edges and internal sections respectively, whereas the experimental results by Kobayashi
et al. [15, 16] are represented in the figure as blue dashed lines. In all cases, the first crack
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of the ply initiated at the interlaminar area of the ply on the free edge, followed by a crack at
the internal section. This implies that an initial microcrack occurs at the interlaminar on the
free edge, and then grows to a transverse crack. As seen in Figs. 3.7(a)–(i), internal cracks
obtained by FE analysis agreed well with experimental initial transverse cracking strains except
for the [0/90/±45]s laminate. To deeply understand the transverse crack initiation of the 90◦
ply, cracking strains of the laminates were predicted by the following energy-based criterion,
and compared with the multiscale analysis and experimental results:
Γ (ρ) > Γc, (3.11)
Γ (ρ) = −U (ρ/2) − 2U (ρ)
t
, (3.12)
where Γc is the critical energy release rate, U is the strain energy of the laminate, t is the
ply thickness, and ρ is the ply crack density. The critical energy release rate Γc = 200 J/m2
was determined through comparison of the predicted result and experiment data of the [0/90]s
laminate. Details on the energy-based criterion can be found in Appendix A. The predicted
cracking strains of the energy criterion are shown in Figure 3.7 by red dashed dotted lines. In
Figures 3.7(a)–(e) and (i), the predicted results of the energy criterion agreed well with the
numerical and experimental results. On the other hand, the energy criterion overestimated the
cracking strains in Figures 3.7(f)–(h). For these cases, predicted results with Γc = 150 J/m2
are also shown in the figures by orange dashed dotted lines. In the case of Figure 3.7(f), the
predicted result with Γc = 150 J/m2 agreed well with experimental one, which is the case that
the multiscale simulation underestimated the experiment data. This can be explained based on
the multiscale prediction that the critical energy release rate is decreased by the failure process
zone near the crack tip generated at the early loading stage. For the case of Figures 3.7(g) and
(h), the energy criterion with Γc = 150 J/m2 still overestimated the experimental transverse
cracking strain. In these cases, the neighboring plies of the 90◦ layer had different fiber angles,
e.g. 45◦ and −45◦. The energy criterion assumed both ply interfaces to be deformed uniformly
determined by the applied strain and thus did not account for nonuniform deformation due
to different angled neighboring plies. This discrepancy can be one of the reasons for the
overestimation of the energy criterion in Figures 3.7(g) and (h).
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As can be noted from Figure 3.7(a)–(i), in all of the 90◦ layers, the first crack initiated near the
interlaminar area on the free edge of the laminate. Subsequent cracks occurred at the internal
section of the plies. Figure 3.8 shows the stress–strain curves obtained by the PUC analysis of
the 90◦ ply of the [0/45/90/−45]s laminate. In this figure, the axial stress is the volume-averaged
stress over the unit cell whereas the strain in the x-axis represents the mesoscale axial strain
composed of strains due to both thermal and mechanical loadings. The open circles correspond
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Fig. 3.7. Comparison of predicted initial cracking strains with experiment results. The blue
dashed lines show experimentally characterized strains of transverse crack initiation [15, 16].
Results of simulations are represented by solid symbols.
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Fig. 3.8. Comparison of stress–strain curves obtained by PUC analysis of [0/45/90/−45]s
laminates
to the cracking strains presented in Figure 3.7(g). In the free-edge cases, the axial stress was
higher than that of the internal case, and the cracking strain was smaller than that of the internal
one. This is because a multiaxial stress state was induced near the free edge by the interaction
between the 90◦ and neighboring plies. Figures 3.9 and 3.10 present the hydrostatic stress,
equivalent stress, and matrix crack distribution obtained by PUC analysis of the [0/45/90/−45]s
laminate at each loading step. In the stress distribution, only the matrix elements are visualized
for clarity. In the matrix crack initiation patterns, the fiber and cracked matrix elements are
plotted by blue and red elements, respectively. From comparison between Figures 3.9(a) and
3.10(a), the hydrostatic stress at the free edge was higher than that at the internal section due
to the free-edge effect. As shown in Figure 3.9(b), this higher hydrostatic stress induced crack
initiation at the inter-fiber matrix where fibers were aligned parallel to the loading direction. In
the case of the internal section, the matrix crack initiated at the inter-fiber matrix at a higher
axial strain because of the lower hydrostatic stress concentration than in the case of the free
edge, as indicated in Figure 3.10(b). This cracking sequence in the 90◦ ply was consistent
with the experimental and numerical results of cross-ply laminates reported by Okabe et al. [9].
These results indicate that the dominant crack formation mechanism of the 90◦ ply in cross-ply
and quasi-isotropic laminates is identical.
For the further discussion of the initial cracking on the 90◦ ply in quasi-isotropic laminates,
detailed microscopic observation of crack initiation and multiscale analysis were conducted in
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: Fiber : Matrix crack
(a) Before crack initiation (axial strain = 0.60%)
Crack initiation
(b) Right after crack initiation (axial strain = 0.76%)
Fig. 3.9. Hydrostatic stress, equivalent stress, and matrix crack distribution obtained by PUC
analysis at 45/90 interface on free edge of 90◦ ply of [0/45/90/−45]s laminate at each loading
step
the next section.
3.4 Experimental Observation and Multiscale Analysis of
Tensile Tests on Quasi-Isotropic Laminates
Experimental observation of microcracking and multiscale analysis were performed to inves-
tigate the onset of matrix cracking on the 90◦ ply in quasi-isotropic laminates in further detail.
The experiment procedure, simulation conditions, and experimental and simulated results are
presented in the following subsections.
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: Fiber : Matrix crack
(a) Before crack initiation (axial strain = 0.60%)
Crack initiation
(b) Right after crack initiation (axial strain = 1.14%)
Fig. 3.10. Hydrostatic stress, equivalent stress, and matrix crack distribution obtained by PUC
analysis at center of ply thickness on internal section of 90◦ ply of [0/45/90/−45]s laminate at
each loading step
3.4.1 Experiments
Tensile tests on laminated composites were performed following procedures presented in
literature [15,16] with a different material system to validate the developed multiscale approach.
Laminate configurations and specimen dimensions used for the experiment are presented in
Table 3.5.
Laminate specimens were made from unidirectional prepreg sheets of T700S/2592 (Toray
Industries). The prepreg sheets were stacked with the laminate configuration shown in Table 3.5.
The laminated sheets were then cured in an autoclave (ASHIDA MFG Co.) under a gauge
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Table 3.5. Laminate configurations and specimen dimensions used for experiments and mul-
tiscale analysis of T700S/2592 laminates
Laminate configuration
Length Width Ply thickness End-tab size




[90]16 25 × 15
[45]16 25 × 15
[0/90]s






Fig. 3.11. Interrupted tensile tests of laminated composites with the replication technique
pressure of 0.3 MPa and a holding temperature of 130 ◦C for 2 h. Cured laminates were cut
into specimens with the dimensions presented in Table 3.5. Unidirectional laminates were used
for elastic modulus measurements, and cross-ply and quasi-isotropic laminates were employed
for initial crack observation.
For tensile testing, GFRP tabs with a thickness of 1.5 mm were bonded on a specimen.
Monotonic tensile loading with a displacement rate of 0.5 mm/min was applied to a specimen
by a servohydraulic testing machine (MTS Systems Corporation), and specimen deformation
was measured by strain gauges (Kyowa Electronic Instruments Co.) attached on the laminate.
An edge face of cross-ply and quasi-isotropic laminates was polished to observe transverse
cracks by the replication technique [29]. For the replication technique, the tensile loading was
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interrupted at every 0.1% strain, and a replica of a specimen edge face was obtained using
RepliSet (Struers), as shown in Fig. 3.11. After an initial transverse crack was observed by
microscopy on the replica films, X-ray computed tomography was conducted to confirm that
generated cracks propagated over the width of a specimen.
3.4.2 Simulation Conditions
In the multiscale analysis, the first transverse cracks in the 90◦ ply were predicted for cross-
ply and quasi-isotropic laminates as listed in Table 3.5. In the same way as the T800H/2900-2
case, only half of the laminate was discretized for the mesoscopic FE analysis because of the
symmetrical configuration of the laminates. Mechanical properties used for mesoscopic and
microscopic FE analyses are presented in Table 3.6. In the next subsection, the simulated results
Table 3.6. Mechanical properties used in mesoscopic FE analysis and PUC analysis of
T700S/2592 laminates
Mesoscopic FE analysis
Longitudinal Young’s modulus E1 115 GPa
Transverse Young’s modulus E2, E3 7.74 GPa
Shear modulus G12, G13 3.54 GPa
Shear modulus G23 2.78 GPa
Poisson’s ratio ν12, ν13 0.315
Poisson’s ratio ν23 0.394
Coefficient of thermal expansion for longitudinal direction α1 0.4 × 10−6/K
Coefficient of thermal expansion for transverse direction α2, α3 36 × 10−6/K
Temperature change ∆T −100 K
Microscopic PUC analysis
Fiber longitudinal Young’s modulus EL 230 GPa
Fiber transverse Young’s modulus ET 16.5 GPa
Fiber longitudinal Poisson’s ratio νL 0.20
Fiber transverse Poisson’s ratio νT 0.45
Fiber’s coefficient of thermal expansion for longitudinal direction αL −1.1 × 10−6/K
Fiber’s coefficient of thermal expansion for transverse direction αT 10 × 10−6/K
Matrix Young’s modulus Em 3.4 GPa
Matrix Poisson’s ratio νm 0.31
Matrix’s coefficient of thermal expansion αm 60 × 10−6/K
Fiber volume fraction Vf 51%
Fiber diameter df 7 µm
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of the two-scale analysis are compared to the experiment results to confirm the dominant crack
formation mechanism on the 90◦ ply in quasi-isotropic laminates.
3.4.3 Results and Discussion
Figure 3.12 summarizes the experimental and simulated results obtained by the experimental
observation and multiscale FE analysis. In each figure, colored and uncolored symbols represent
the simulated results obtained for free edges and internal sections, respectively. The ranges
of experimental initial and transverse cracking strains on the free edge are presented by red
and blue rectangles, respectively. The predicted cracking strains of the energy criterion are
also shown in Fig. 3.12 by red dashed dotted lines. On the microscopic replica observation in
the experiment, all initial cracks occurred at the interlaminar area on the free edge, as seen in
Fig. 3.13(a), and then a crack encompassing the entire thickness of the ply on the free edge was
generated. However, on the X-ray CT observation shown in Fig. 3.13(b), the generated free-edge
crack did not grow to a full-width crack at the free-edge cracking strain. This cracking behavior
agrees with previous work reporting experimentally that thin-ply quasi-isotropic laminates can
suppress immediate full-width transverse crack formation after free-edge crack initiation [12].
This experimental fact was supported by the analytical prediction using the energy criterion.
The energy criterion using the typical energy release rate of 200 J/m2 overestimated the free-
edge cracking strains of Figs. 3.12(a) and (b) and predicted no transverse crack formation for
the applied strain of 2%, as shown in Fig. 3.12(c). These results indicate that the ply thickness




Two-scale analysis (free edge)
Two-scale analysis (internal section)
Experiment (crack initiation on free edge)
Experiment (free-edge crack)
Damage mechanics (200 J/m2)
(a) [0/90]s














Fig. 3.12. Comparison of predicted initial cracking strains with experiment results of
T700S/2592 laminates
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Initial crack
Ply interfaces
(a) Replica observation of initial crack near interlaminar area on free edge
1 mm
Free-edge crack
(b) X-ray CT image of free-edge cracks right after free-edge crack initiation
Fig. 3.13. Microscopic crack observations by replication technique and X-ray CT in quasi-
isotropic laminate
of 0.10 mm was thin enough to suppress immediate full-width transverse crack formation in this
case. In the case of multiscale analysis, the predicted initial cracking strains on the free edge
agreed with the experimental results. In addition, although transverse cracks did not propagate
over the width of the laminates, the simulated cracking strains at the internal section reasonably
agreed with the experimental free-edge cracking strains.
To discuss the free-edge cracking event in more detail, additional FE analysis was conducted
on the midplane of the 90◦ ply. Figure 3.14 shows the cracking strain distribution obtained
by two-scale analysis on the midplane of the 90◦ layer of the quasi-isotropic laminates. The
horizontal axis represents the depth of analysis points from the free edge, and the vertical
axis illustrates crack onset strains at each analysis point. The cracking strain at the internal
section is depicted by red dashed lines. As shown in the figure, the cracking strains near the
free edge converged on the internal cracking strain, and the convergence distance from the free
edge was comparable with the thickness of several plies. Assuming that a free-edge crack is
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Cross-sectional view of laminate
(b) [0/90/±45]s
Fig. 3.14. Cracking strain distribution along the midplane of the 90◦ layer of quasi-isotropic
laminates
formed as a semicircular crack, the crack initiation at the distance equal to the thickness of
the 90◦ layer can be considered as a simplified criterion of the free-edge crack initiation. In
Fig. 3.14, a depth equal to the 90◦ layer thickness and the experimental free-edge cracking
strains, which are also shown in Fig. 3.12, are illustrated by black dashed lines and blue bands,
respectively. Comparison of the results of the two-scale analysis and the experiments showed
that the predicted cracking strains at the depth equal to the thickness of the 90◦ layer reasonably
reproduced the experimental onset strains despite the simplified assumption.
Finally, the interpretation of the results of the two-scale analysis is discussed along with the
transverse cracking process described in Fig. 3.1. The microscopic PUC analysis of this study
only modeled the nucleation of microcracks in stage 1 and successfully reproduced the initial
cracking strains near the free-edge interlaminar area. In addition, two-scale analysis of the
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internal section of laminates reasonably captured the free-edge cracking, which can be caused
by coalescence of microcracks in stage 2, despite the simplified modeling in PUC analysis. As
shown in Fig. 3.14, the cracking strains on the midplane of 90◦ plies converged near the free edge
of the laminates where the constraining effect by neighboring plies is weaker than that offered by
the internal section. Crack initiation at the convergence point can be considered as a sufficient
condition for a free-edge crack formation assuming the free-edge crack formed as a semicircular
shape crack. Hence, the prediction at the internal section worked as a representative point for
the free-edge crack prediction. The full-width transverse crack formation in stage 3 could be
predicted for the case of T800H/3900-2 only by PUC analysis. In this case, the 90◦ layer was
thick enough to satisfy the energy criterion right after stress-based crack nucleation.
One of the possible approaches to predict the entire process of transverse cracking is micro-
mechanical FE modeling, in which a unit cell consisting of fibers and matrix is embedded
between homogenized plies [10, 14]. In this kind of modeling, matrix damage is modeled by
continuum damage mechanics and crack band [30] models and all cracking stages presented
in Fig. 3.1 can be captured. However, application of this modeling strategy is still limited to
two-dimensional cases because of the considerable computational costs. Future development
of a high-performance computing infrastructure will help us establish a detailed multiscale
FE approach for transverse crack prediction. It can address detailed discussion of the full
transverse cracking process obtained computationally, although the major cracking process for
tensile loading cases presented here will not be affected by the investigation.
3.5 Summary
In this chapter, a multiscale study on matrix crack initiation in the 90◦ ply of cross-ply
and quasi-isotropic laminates was undertaken. The laminate-scale deformation behavior was
reproduced by a mesoscopic FE analysis that assumed each lamina to be a homogeneous
anisotropic elasto-plastic body. The material nonlinearity and the process of crack formation
on the fiber-diameter scale were simply modeled by an elasto-viscoplastic constitutive model
and a two-parameter stress-based failure criterion in a microscale-level FE analysis in a PUC.
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The multiscale formulation, combining mesoscopic and microscopic FE analyses, indicated
that the cracking sequence in the 90◦ ply in quasi-isotropic laminates was identical to the
one in cross-ply laminates. Cracks in the 90◦ layer initiated at the interlaminar area on the
free edge, followed by microcracks at the internal section. In addition to the computational
work, detailed microscopic observation of crack initiation was conducted on cross-ply and
quasi-isotropic laminates, using the in situ replication technique and ex situ X-ray computed
tomography. Comparison of simulated results with microscopic observations showed that the
developed multiscale analysis can reasonably predict the initial microcrack induced near the
free-edge interlaminar area and the free-edge crack. The present method shows the damage
progress wherein microcrack nucleation and coalescence followed by the full-width transverse
cracking in laminated composites that can be seen under tensile loading conditions.
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Chapter 4
Experimental Validation of Molecular
Dynamics Simulation on Cure-Dependent
Properties of Thermosetting Polymers
4.1 Introduction
During the manufacturing process of structures made from thermoset polymer-matrix com-
posites (PMCs), thermosetting matrix transforms its phase from liquid to a solid by curing,
and its thermomechanical properties are varied depending on the degree of cure (DOC). This
cure-dependent behavior of resins strongly affects residual stress and deformation of composite
parts, and the compensation for these stress and deformation increases design costs and period
of composite structures. To optimize the whole manufacturing process of composite structures,
accurate evaluation methods of thermosetting polymer characteristics have been desired.
For predicting residual stress during the fabrication, material models used for finite-element
(FE) analysis have been developed. In the model development, multiple thermo-analytical
techniques are used to characterize the curing behavior and cure-dependent properties of ther-
mosetting polymers. For instance, differential scanning calorimetry (DSC) is used to measure
cure kinetics [1–4] and glass transition temperature (Tg) [2]. Rheometry is employed to deter-
mine the gelation point [3–5], viscoelastic properties [2, 4, 6], and cure shrinkage (CS) [3, 4].
Thermomechanical analysis (TMA) is adopted to assess the coefficient of thermal expansion
(CTE) [4], Tg [4], and CS [5]. Dynamic mechanical analysis (DMA) is applied to quantify
viscoelastic properties [6] and elastic modulus [4]. The combination of these methods enables
us to understand the whole characteristics of thermosetting polymers related to production
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of composite structures and develop material models used for subsequent process simulation.
However, experimental material characterization is essentially a time- and cost-consuming task
because material testing and model validation for each property is repeated several times with
different test parameters to ensure accuracy of material models. In addition, enhancement of
material model accuracy within given design period is a challenging task. This is because a
certain range of process parameters is difficult to measure due to the limitation arising from
measurement principles and developed models contain uncertainty due to the combination of
several measurement methodologies. Thus, to overcome these problems, it is not pragmatic to
use only experimental means for material model development.
Thanks to development of computing infrastructures, computational material testing using
molecular dynamics (MD) simulation has been a powerful tool in various engineering fields.
On polymer engineering application, curing algorithms to reproduce a cross-link network of
thermosetting polymers have been developed [7–11], and MD simulation reasonably predicted
thermomechanical properties of cured thermosets such as elastic moduli [12–14], density [10,
15,16], Tg [10,12,13,15,16], and CTE [10,13,15]. In addition to fully cured properties, DOC
dependent thermomechanical properties were predicted by MD simulation [10, 12, 13, 15, 16].
Evaluation of these property changes during cure is important to optimize manufacturing
processes of composite parts containing polymer matrix. However, the detailed validation
of MD prediction capability has not been addressed because the difficulty of experimental
characterization leads to few experimental data sets available for MD simulation.
In this chapter, the MD prediction capability for cure-dependent thermosetting resin prop-
erties was evaluated by comparing computational and experimental characterization. Manu-
facturing related properties, such as gelation point, CS, Tg, and CTE, were selected as target
properties for the validation toward the PMC application. A binary epoxy system composed
of a base resin and a curing agent was used for MD simulations and experiments to obtain
cure-dependent polymer properties with a known molecular structure. Curing simulation and
thermo-volumetric testing of the benchmark epoxy system were then carried out by MD sim-
ulation to predict cure-dependent properties of the epoxy resin. Comprehensive experimental
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characterization combining DSC, rheometry, and digital volume analysis (DVA) was conducted
to evaluate cure kinetics and thermo-volumetric properties of the epoxy resin during cure. The
prediction capability of the MD simulation on gelation point, CS, Tg, and CTE was validated
through the comparison of simulated results with experiment data ranging from uncured to
fully cured states.
4.2 Experimental Characterization
Cure-dependent properties of thermosetting resin were characterized experimentally to vali-
date numerical testing described in the next section. First, a cure kinetics model that was used
to determine DOC of samples and design subsequent experiment conditions was identified by
a series of data obtained from DSC. The gelation point, CS, Tg, and CTE were measured by
rheometry, DVA, and DSC. The following subsections describe a material system and detailed
experimental procedures used in this study.
4.2.1 Material Systems
A benchmark epoxy resin used in this chapter was composed of a diglycidyl ether of bisphenol
A (DGEBA) base resin and a diethylenetriamine (DETA) curing agent, respectively produced
by Hexion with the designation EPON 825 and by Olin Epoxy with the designation D.E.H.
20. Molecular structures of DGEBA and DETA are shown in Fig. 4.1. For each experiment,
small volumes of the base resin and curing agent were mixed at their stoichiometric ratio at
room temperature to obtain an uncured epoxy sample. At room temperature, the base resin and
curing agent mixture was liquid and transparent.
4.2.2 Differential Scanning Calorimetry (DSC)
The resin cureing kinetics and Tg of the resin were characterized using a TA Instruments
Q2000 DSC. A combination of dynamic, isothermal, and interrupted tests were used to measure
the heat flow generated by the chemical reactions of the benchmark resin. The heating rates for
the dynamic tests were 1, 3, 5, and 10 ◦C/min, and the holding temperatures for the isothermal
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Fig. 4.1. Molecular structures of base resin and curing agent
tests were 21, 30, 40, 60, 80, and 100 ◦C. A small amount of uncured epoxy mixture (6–7 mg)
was placed in a DSC pan, and then was cooled in the DSC apparatus to −85 ◦C before each
test. On the dynamic tests, sample temperature was increased from −85 to 190 ◦C with a
prescribed heating rate. On the isothermal tests, sample temperature was rapidly increased to
prescribed holding temperature, and kept on the isothermal condition with a certain time. After
the isothermal holding, sample temperature was decreased again to −85 ◦C, and then reheating
with a heating rate of 3 ◦C/min was conducted to measure the residual heat of reaction. Heat
capacity of the resin was calculated from the measured heat flow, and the Tg was determined as
the midpoint temperature of the heat capacity second-order transition. Experimental conditions
of cure kinetics and Tg measurement by DSC tests are summarized in Table 4.1.
A set of DSC results was analyzed by KERMODE to identify a cure kinetics model of the
target resin. CK Model 24 developed by Convergent Manufacturing Technologies Inc. [17] was
employed to characterize the curing behavior of the epoxy system.
4.2.3 Rheometry
To determine the gelation point of the benchmark epoxy resin, storage and loss modulus
evolutions during cure were measured by an MCR 502 rheometer (Anton Paar). A temperature-
controlled circular parallel plate apparatus was utilized to impose temperature conditions similar
to the DSC tests. Around 30 mL of uncured resin was placed between the parallel plates after
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Table 4.1. Experiment conditions of cure kinetics characterization and Tg measurement by
DSC tests
Dynamic test Isothermal and interrupted tests
Heating rate
(◦C/min)
1 3 5 10 –
Temperature range
(◦C)
−85 to 190 –
Holding temperature
(◦C)



















– −85 to 190
Table 4.2. Experiment conditions of gelation measurement by rheometry
Dynamic test Isothermal test
Heating rate
(◦C/min)










the plate temperature reached initial temperature. Oscillatory shear was applied to the sample
with a frequency of 10 Hz and prescribed temperature conditions to measure storage and loss
moduli. The gelation point was defined as a point at which the storage and loss modulus curves
on a modulus–time plot intersect. DOC at gelation was determined by the cure kinetics model
identified by the above-mentioned DSC tests. Experiment conditions for modulus measurement
are listed in Table 4.2.
4.2.4 Digital Volume Analysis (DVA)
The CS and rubbery CTE were measured by the DVA technique [18]. A small amount
of uncured resin was placed on a pedestal after the pedestal temperature reached a testing
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temperature. For CS measurement, the pedestal temperature was kept on the isothermal
conditions for a certain time. For rubbery CTE measurement, the pedestal temperature was
decreased to −20 ◦C at a cooling rate of −3 ◦C/min. Images of the sample were taken
periodically by a Keyence VHX-1000E video microscope. The resin volume was calculated
from the projected resin area in the images using a purpose-built script written in MATLAB [19].
DOC of the epoxy in each image was determined by the RAVEN software [20] with the cure
kinetics model identified by DSC tests. Holding temperatures of 40, 60, and 80 ◦C were used
for the DVA tests.
4.3 Molecular Dynamics Simulation
DOC-dependent polymer properties of the benchmark epoxy resin were computationally
predicted by MD simulation. First, curing simulation of base resin and curing agent was
conducted to obtain molecular structures with different DOCs. After the curing simulation,
gelation point, CS, Tg, and CTEs were predicted using the molecular structures. The following
subsections explain material systems and simulation procedures used for MD simulation.
4.3.1 Material Systems
A simulation cell consisted in of a stoichiometric ratio of 200 DGEBA and 80 DETA
molecules with periodic boundary conditions. An initial uncured simulation cell was con-
structed by the Amorphous Cell module of the Materials Studio software [21]
4.3.2 Curing Simulation
To obtain simulation cells with different DOCs, curing simulation was conducted using the
method proposed by Okabe et al. [9]. A curing reaction was reproduced in MD simulation
by the following three-step procedure. First, the distance between reactive sites of base resin
and curing agent was evaluated and sets of reactive atoms were identified when their distance
was smaller than the criterion distance dreact. Here, dreact = 5.64 Å was employed [22], which
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corresponds to the quadruple of the equilibrium length of a cross-linked C–N bond [7,8] Second,
the onset of reaction was judged by the following Arrhenius equation [9]:






Here, k is the reaction probability, A is the acceleration factor, ∆G is the activation energy, R
is the gas constant, and T is the local temperature. The reaction between epoxide and amine
occurred when k was larger than a randomly generated number P between 0 and 1, allowing
the creation of a new C–N bond between the reactive sites. Third, the heat of formation
generated by the reaction was added to the kinetic energy of the reacted molecule, using the
velocity-scaling method. This procedure was repeated until curing reaction was saturated.
The simulation procedure is summarized in Fig. 4.2. This curing algorithm was implemented
into the Materials Studio software [21] using MaterialsScript. The curing simulation was
performed under isothermal and isobaric conditions. Simulation conditions used in the curing
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Fig. 4.2. Simulation procedure for cross-link reaction of thermosetting resin
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Table 4.3. Computational conditions for MD curing simulation
Curing temperature (◦C) 80
Pressure (MPa) 1.0 × 10−1
Acceleration factor A ( - ) 1014
Activation energy ∆G (kcal/mol): Primary amine 32.06 [22]
Secondary amine (corner) 34.03 [22]
Secondary amine (center) 35.82 [22]
Heat of formation ∆H (kcal/mol): Primary amine 31.68 [22]
Secondary amine (corner) 34.45 [22]
Secondary amine (center) 30.66 [22]
were calculated using the semi-empirical molecular orbital (MO) method and taken from the
literature [22]. The MO calculation used PM6 Hamiltonian, following a procedure reported in
literature [9].
4.3.3 Thermovolumetric Property Prediction
The gelation point was determined by monitoring the evolution of the largest, second-largest,
and reduced molecular weights with DOC [23]. The reduced molecular weight was calculated
as average molecular weight except for the largest molecular weight in a simulation cell. The
gelation point is defined as a point at which the second-largest and reduced molecular weights
steeply drop due to polymer network formation. Molecular weight calculations of simulation
cells were carried out by the Materials Studio software [21] using MaterialsScript.
The CS was calculated from the simulation cell volume at each DOC obtained from the MD
curing simulation. To efficiently predict the CS by MD simulation, the curing temperature for CS
prediction was selected based on the Tg prediction described later. The volume prediction was
conducted by Materials Studio software [21] at curing temperature and atmospheric pressure,
and the COMPASS II force field [24, 25] was employed for the simulation.
The Tg and glassy and rubbery CTEs were predicted through step-wise cooling simulation
under constant pressure [15]. A simulation cell was first heated to a high temperature (approx-
imately 200 ◦C higher than the expected Tg), and then the cell was cooled with a rate of 10
K/100 ps to plot the volume–temperature curves. The Tg was defined as temperature at which
two straight lines fitted to the high- and low-temperature slopes intersected. The volumetric
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CTEs of rubbery and glassy states were calculated from the slopes of the curve fitted above and
below Tg, respectively. The step-wise cooling simulation was performed by the open-source
LAMMPS code [26, 27], and the TEAM force field [28] was used for the LAMMPS cooling
simulation. The cooling simulations were repeated three times, and an averaged value was used
for the predicted result to mitigate initial condition dependence of the prediction.
4.4 Results and Discussion
Figure 4.3 compares the DSC test results and cure kinetics model predictions. In both the
isothermal and dynamic cases, the cure kinetics model successfully predicted the measured













































Isothermal hold time (min)
Experiment
Prediction
(b) Heat flow during 40 ◦C isothermal test
Fig. 4.3. Comparison of DSC test results with cure kinetics model predictions
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an achievable computational time frame of MD simulation is limited up to tens of nanoseconds
due to its computational cost. Thus, experimental characterization is suitable to identify cure
kinetics of thermoset polymers. The average total heat of reaction was 514 mJ/g, and this value
was used to determine the DOC of a measured sample.
Figure 4.4(a) shows the storage and loss moduli development during cure obtained by 3 ◦C/min
ramp tests of rheometry. From these plots, the gelation point was determined as a point at which
the storage and loss moduli intersected, and it is depicted in the figure by a black dashed–dotted
line. The sudden storage modulus development due to gelation was well-captured in the
experimental characterization, and three repeated results illustrated good repeatability of the
experimental measurement. In the experimental characterization, the measured gelation points
could contain errors within 15% due to the complex procedures combining several experimental
techniques.
Figure 4.4(b) depicts the gelation point obtained by 80 ◦C isothermal curing MD simulation.
In this case, the gelation point was determined by a drop of the second-largest and reduced
molecular weights and shown by a black dashed line. This steep drop of the second-largest
and reduced molecular weights well captured a rapid increase of largest molecular weight,
suggesting the gelation of the simulation cell. The MD prediction of the gelation point could
contain an error of approximately 10% that depended on the number of bond creation per
reaction step, and the error can be decreased with an increase in computational cost.
Figure 4.4(c) presents the evolution of the weight-average molecular weight during cure
obtained by the theoretical prediction proposed by Macosko and Miller [29]. In this approach,
a molecule having N reaction sites is approximated by an N branch molecule, and the reactivity
of each branch is calculated using conditional expectations depending on the DOC to predict
molecular weight evolution during cure. As shown in the figure, a noticeable increase of
weight-average molecular weight was predicted by the theoretical approach, and that was an
indicator of gelation.
Figure 4.5 compares gelation points obtained from MD simulation, rheological experiments,
and theoretical prediction. The MD simulations successfully predicted the experimental gelation
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Fig. 4.4. Gelation points obtained by (a) experiment, (b) MD simulation, and (c) theoretical
prediction. Experimental gelation time was determined by intersection of storage and loss
moduli. MD gelation point was determined by a drop of reduced molecular weight. Theoretical
gelation was determined by a divergence point of molecular weight.
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Experiment MD simulation Theoretical
prediction
54 ± 5% 54.8 ± 5.4%
57.4%
Fig. 4.5. Comparison of gelation points obtained from MD simulation, experiment, and the-
oretical prediction. MD prediction was obtained from 80◦C isothermal curing, and experiment
data was measured under isothermal and dynamic conditions listed in Table 4.2.
point, and both the MD simulation and experiment agreed well with the theoretical prediction.
This result indicates that MD simulations can be a useful tool to aid gelation evaluation of
thermosetting polymers.
Figure 4.6(a) shows an experimental heat capacity (Cp) curve obtained from the a reheating
step of a 40 ◦C isothermal DSC test. A Cp jump due to the glass transition was well observed
by DSC, and the Tg was determined as the midpoint temperature of the transition, shown in
Fig. 4.6(a) by the black dashed line. Figure 7(b) shows an example of the volume–temperature
curves obtained from the step-wise cooling simulations. In this figure, the slope change indicates
the glass transition of the simulated thermoset, and the Tg was determined from two regression
lines presented in Fig. 4.6(b).
Figure 4.7 compares Tg values obtained from MD simulation and DSC tests. The horizontal
axis shows DOC of tested samples, and the vertical axis represents Tg. Simulated results
are plotted by circles and squares, and experiment data is depicted by dashed line which was





1 − (1 − λ) x , (4.2)
where x is DOC; λ is a material constant; andTg0, Tg, andTg∞ are the glass transition temperature
at x = 0, x, and 1, respectively. The values λ = 0.4, Tg0 = −37.8 ◦C, and Tg∞ = 124 ◦C were
identified for the DGEBA/DETA system from the DSC data. The predicted Tg trend agreed
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(b) Volume–temperature curve obtained by step-wise cooling simulation of uncured resin
Fig. 4.6. Glass transition temperature determined by (a) DSC experiment and (b) MD simu-
lation
with the experimental data, although the MD simulation overestimated DSC tests. One of the
reasons of this overestimation is heating/cooling rate dependence of Tg [31]. The ratio of testing
rates between the MD simulation and DSC experiment was 6 × 1011–6 × 1012 in this study.
Applying a temperature shift factor of −94.6 K determined from the least-square fitting to the
MD predictions can provide quantitative prediction of the experimental Tg data.
The temperature shift factor for the DSC–MD rate difference can be estimated by the well-
established Williams–Landel–Ferry (WLF) equation [31, 32]:
∆Tsim−exp = −
C2 log10 αsim−exp
C1 + log10 αsim−exp
. (4.3)
Here, ∆Tsim−exp is the rate shift factor, αsim−exp is the ratio of the heating/cooling rates between
the experiment and MD simulation, and C1 and C2 are the WLF parameters. Employing
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MD simulation (considering rate effect)
Average gelation point (MD simulation)
Fig. 4.7. Comparison of glass transition temperatures obtained from MD simulations and
experiments. MD predictions are represented by colored symbols and experimentally obtained
DiBenedetto curve is shown by dashed line. Uncolored symbols depict shifted MD predictions
considering heating/cooling rate effect.
“universal constants” of C1 = 17.44 and C2 = 51.6 K [32] provides that ∆Tsim−exp is −107
to 141 ◦C in the present case. The temperature shift factor for the MD simulation reasonably
agreed with the the shift factor predicted by the WLF equation. Although additional efforts
are required to establish a quantitative prediction method that can be applied to thermosetting
polymers universally, MD simulation has excellent capability for predicting an increment of Tg
from uncured to cured polymers.
Figure 4.8 compares the volumetric CTEs obtained from the MD simulation and experiment.
The horizontal axis represents the DOC, and the vertical axis shows the volumetric CTEs under
glassy and rubbery states. On the MD results, DOC dependence of the rubbery CTE was higher
than that of the glassy CTE. The comparison of the MD predictions with the experimental
values shows that the MD simulation successfully predicted the rubbery CTE of the uncured
resin and glassy CTE of the fully cured resin.
Figure 4.9 shows the CS obtained from the MD simulation and DVA experiment. The
horizontal axis represents the DOC, and the vertical axis shows the volume change during cure.
For MD simulation, 170 ◦C was selected as the curing temperature for CS prediction, based
on the Tg predictions shown in Fig. 4.7. The CS coefficient predicted by the MD simulation
agreed well with the experimental CS coefficient obtained by DVA. On the MD results, the
– 82 –




























MD simulation (Rubbery CTE)
MD simulation (Glassy CTE)
Average gelation point (MD simulation)
Fig. 4.8. Comparison of volumetric CTEs obtained from MD simulations and experiments.

































Average gelation point (MD simulation)
expCS = 9.3 ±1.1%
MDCS =10.2 ± 0.3%
Fig. 4.9. Comparison of volume shrinkage due to cure between MD simulation and experi-
ment. Experimental data was measured under 64 ◦C isothermal cure condition by DVA, and
MD simulation was conducted under 170 ◦C isothermal cure condition.
CS coefficient after gelation decreased by 23% from that before gelation. Tthis is because
the amount of volumetric shrinkage decreased in high DOC simulation cells, such as over
80% DOC, due to saturation of the curing reaction. As shown in Fig. 4.4(b), the normalized
largest molecular weight approached 1 around DOC = 80%. It indicates that the intermolecular
reaction was saturated, and the DOC was mainly increased by intramolecular reactions. In
this stage, the formation of the cross-link network was almost completed, and shrinkage due to
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bond creation was decreased by the formed polymer network. It can lead to a reduction of the
CS slope after gelation. From a manufacturing point of view, the evaluation of the CS slope
after gelation is necessary to predict the formation of residual stresses and the development of
residual deformation. The MD simulations successfully predicted the experimental data within
an error of 6%. These results indicate that MD simulation can be a powerful tool to predict CS
behavior quantitatively.
4.5 Summary
The MD prediction capability for DOC dependent properties of thermosetting resins was
evaluated through comparison of computational and experimental characterizations of a bench-
mark epoxy resin composed of DGEBA and DETA. Cross-link network formation due to cure
of thermosets was reproduced in MD simulation, and then resulting molecular systems ranging
from uncured to fully cured states were used to predict the gelation point, CS, Tg, and CTEs.
Comprehensive experiment combining DSC, rheometry, and DVA was performed to character-
ize cure-induced property development of the benchmark resin. On the manufacturing-related
polymer properties presented in this chapter, the MD simulation successfully predicted gelation
point, CS, and CTE within an error of 7%. For the case of Tg, the MD simulation qualitatively
predicted experimental values. By considering the rate dependence of the glass transition, a
temperature shift of approximately 95 K, which is a similar value to the Williams–Landel–Ferry
prediction, provided quantitative prediction by MD simulation. Although further efforts are
required to establish a glass transition prediction method, the MD prediction capability pre-
sented in this chapter enables us to reasonably estimate DOC dependent polymer properties at
the early design phase of PMC structures, and MD simulations can contribute to the efficient
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Chapter 5
Multiscale Modeling for Process-Induced
Residual Deformation in Polymer-Matrix
Composites
5.1 Introduction
For manufacturing process modeling of composite parts, finite-element (FE) analysis with
experiment-driven material models have been developed [1–7]. These approaches successfully
predicted manufacturing-cycle dependent residual deformation of polymer-matrix composites
(PMCs) [1, 5], which is helpful to optimize a fabrication process of composite members.
One of the difficulties of the experiment-based process simulation is costs and complexity
of experiment-based material model development. The experimental model development is
essentially a time- and cost-consuming work because material testing and model validation
through the testing for each property are repeated several times with different testing parameters
to guarantee accuracy of material models. In addition, enhancement of material model quality
within limited design period is a challenging task. This is because a certain range of material
properties is difficult to measure due to the limitation arising from measurement principles and
developed material models contain uncertainty due to the combination of several measurement
techniques. Thus, to overcome these problems, it is not pragmatic to use only experimental
means for material model development.
As described in the earlier chapters, a computational approach employing molecular dy-
namics (MD) simulation has been increasingly applied to characterize material behavior of
thermoset polymers [8–16]. By employing MD simulation to the manufacturing-process mod-
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eling, a multiscale approach combining MD simulation, beam theory, and differential scanning
calorimetry was developed, and it successfully predicted cure-induced residual deformation on
a bi-material beam consisting of neat resin layer and unidirectional carbon/epoxy ply [17]. This
type of multiscale analysis has a great potential for contributing to material selection process
of PMCs on the early design phase. However, applicability to fiber-reinforced PMCs has not
been discussed in detail.
In this study, a three-scale analysis approach that consists of MD simulation and two-scale FE
analyses was developed to evaluate the influence of matrix selection on process-induced defor-
mation of PMCs. Curing reaction of thermoset matrix was reproduced in MD simulation, and
then cure-induced shrinkage and gelation point of neat resin were predicted by MD simulation,
which was demonstrated in Chapter 4. Subsequently, unidirectional lamina shrinkage due to
matrix cure was predicted by periodic unit-cell (PUC) analysis in which material heterogeneity
was explicitly modeled, based on cure shrinkage history and gelation point obtained from MD
simulation. Finally, process-induced deformation of PMC laminate due to cure shrinkage and
thermal strain was predicted by mesoscopic FE analysis that assumed each lamina to be an
orthotropic homogeneous body, employing a cure-shrinkage profile of a unidirectional lamina
obtained from PUC analysis. The developed approach was applied to simplified fabrication
tests of asymmetric laminates to evaluate the prediction capability of MD-based simulation for
process-induced deformation.
5.2 Experiments
Laminated composites with an asymmetric configuration were fabricated to evaluate the
prediction capability of a three-scale approach developed in this chapter. Asymmetric [0/90]
laminates of 100 mm × 25 mm × 2 plies were made from aerospace-grade unidirectional
prepreg sheets of T800S/3900-2B (Toray Industries). Figure 5.1(a) shows an experiment setup
of asymmetric laminate fabrication. Stacked prepreg sheets were placed on a heat resistant
film with mold release coating to ensure that the prepreg sheets deform without any constraints
during the test. The laminated specimen was heated by a program-controlled oven under
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Stacked prepreg sheets






















(b) Prescribed temperature profile
Fig. 5.1. Experimental set-up and heating profile of asymmetric laminate fabrication
atmospheric pressure and a prescribed temperature profile shown in Fig. 5.1(b). The heating
and cooling rates and holding time were determined based on the manufacturer recommended
cure cycle [18]. Deflection of the asymmetric laminate due to curing and thermal strains was
measured after the whole manufacturing process presented in Fig. 5.1(b) was done.
5.3 Multiscale Analysis
Process-induced deformation of a composite plate was predicted by a three-scale analysis
approach developed in this chapter. Figure 5.2 summarizes a simulation procedure of the three-
scale analysis. First, curing simulation was performed by MD simulation and then resulting
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Perform curing simulation of thermoset polymer
Predict gelation point and cure shrinkage of thermosets
MD simulation
Cross-linked molecular structures
Gelation point of matrix resin
Cure shrinkage of matrix resin during cure
Microscopic FE analysis
Predict cure shrinkage of unidirectional lamina
Cure shrinkage of unidirectional lamina during cure
Mesoscopic FE analysis
Predict process-induced deformation of laminated composites
Fig. 5.2. Computational procedure for three-scale analysis of process-induced deformation
molecular structures were used for MD simulation to predict gelation point and cure-induced
shrinkage of matrix resin. Subsequently, cure-shrinkage properties of a unidirectional lamina
were predicted by microscopic PUC analysis, utilizing matrix cure-shrinkage properties and a
unit cell composed of fiber and matrix phases. Finally, process-induced residual deformation
was predicted by laminate-scale FE analysis, using lamina-shrinkage properties obtained from
PUC analysis. The following subsections describe each component of the three-scale analysis
and simulation conditions.
5.3.1 Molecular Dynamics Simulation
To predict cure-induced shrinkage of thermosetting matrix, curing simulation of thermoset
polymers was carried out by MD simulation, employing a method proposed by Okabe et al. [10].
In this method, curing reaction between base resin and curing agent was modeled by a three-step
procedure, as described in Chapter 4. The curing simulation procedure is briefly summarized
below. On the first step, the distance between reactive atoms of a base resin and a curing agent
was calculated to identify candidate atoms of curing reaction. Here, a candidate atom set was
defined as a pair of reactive atoms whose distance was smaller than 5.64 Å which is four times
as long as the equilibrium C–N bond length [8, 9]. On the second step, the onset of curing
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reaction was judged by the following Arrhenius equation [10]:






Here, k is the reaction probability, A is the acceleration factor, ∆G is the activation energy, R is
the gas constant, and T is the local temperature. A new C–N bond was created between reactive
epoxide and amine when k was larger than a randomly generated number between 0 and 1. On
the third step, the heat of formation due to a curing reaction was added to a reacted molecule by
updating the kinetic energy of the molecule. After the curing reaction on a current simulation
step, geometry optimization was conducted by the molecular mechanics approach, employing
updated force field parameters after reaction. This curing procedure was repeated until the
curing reaction was saturated in a simulation cell. The curing procedure was implemented into
the Materials Studio software using MaterialScript [19]. The curing simulation was conducted
under isothermal and isobaric conditions, and the COMPASS II force field [21, 22] was used
for the simulation.
The degree of cure (DOC) at gelation was determined by molecular weight–DOC curves [20].
The reduced molecular weight (RMW) was calculated as average molecular weight except for the
molecular weight of the largest molecule in a simulation cell. The molecular weight of the largest
and the second-largest molecules and the RMW were plotted against DOC. DOC at gelation
is defined as DOC where the second-largest weight and RMW steeply drop [20], which imply
cross-link network formation. Molecular weight calculation of simulation cells obtained from
curing simulation was carried out by the Materials Studio software using MaterialScript [19].
Volumetric cure shrinkage of thermosetting resin was calculated from simulation cell volume
at each DOC. Isothermal, isobaric MD simulation under curing temperature and atmospheric
pressure was conducted for each simulation cell obtained from curing simulation, and then
the predicted volume was plotted against DOC. The cure-shrinkage prediction was performed




5.3.2 Microscopic Periodic Unit-Cell Analysis
Cure shrinkage properties of a unidirectional lamina due to matrix cure were predicted
by microscopic PUC analysis. Figure 5.3 shows a unit-cell model used for PUC analysis.
Heterogeneity of CFRP was explicitly modeled in a unit cell, and fiber and matrix phases were
assumed to be orthotropic and isotropic linear elastic bodies, respectively. Cure-induced normal
strains of matrix resin at each DOC were calculated from volumetric cure shrinkage obtained








where εsh is the cure-shrinkage strain in the normal direction,∆V is the volume change predicted
by MD simulation, and V0 is the volume of the uncured resin. To simplify the simulation, PUC
analysis was carried out under the following assumptions: matrix resin cures isotropically; and
matrix cure shrinkage affects residual deformation of laminate after gelation occurs because
the matrix phase behaves like liquid before gelation. Under these assumptions, DOC was
increased linearly, and the cure-shrinkage strain was applied to the matrix phase of a unit cell
after the gelation point. Cure-shrinkage strains of a unidirectional lamina were calculated as






Fig. 5.3. FE model used for microscopic PUC analysis of lamina shrinkage prediction.
Periodic boundary condition was imposed on all of the three axial directions.
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unidirectional lamina was used for the subsequent laminate-scale simulation to predict process-
induced deformation of composite laminates.
5.3.3 Mesoscopic Finite-Element Analysis
Process-induced residual deformation due to matrix cure shrinkage and thermal strain was
predicted by mesoscale FE analysis of laminated composites. Figure 5.4 shows a FE model
used for mesoscopic FE analysis. On the mesoscopic analysis, each ply of laminate was simply
modeled as a homogeneous, orthotropic elastic body in the curing step. For the thermal analysis
step after curing, individual plies were assumed to be a homogeneous orthotropic elasto-plastic
body [27–30] to account for inelastic deformation due to large interlaminar shear stress. Details
of the implemented elasto-plastic model can be found in literature [30]. Unidirectional plies
in laminate were cured isotropically, using the cure-shrinkage properties predicted by PUC
analysis. After the curing step, thermal analysis that corresponds to cooling from curing
temperature to room temperature was conducted to predict residual deformation induced by





• ux = uy = uz = 0
at (L/2, W/2, 0)
• ux = uy = 0
at (L/2, W/2, helem)
• uy = 0
at (L/2 − lelem, W/2, helem)





For MD simulation, because no officially available data of matrix composition can be found for
the commercial prepreg used in this chapter, the matrix phase of laminates was simply modeled
by an aerospace-oriented epoxy system composed of a base resin and a curing agent. Molecular
structures of base resin and curing agent are presented in Fig. 5.5. From the base resins and
curing agents, DGEBA/DETA which is the same resin in Chapter 4, DGEBA/44DDS in which a



















(d) Curing agent: 4,4’-diaminodiphenil sulfone (44DDS)
Fig. 5.5. Molecular structures of base resins and curing agents used for MD simulation
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Table 5.1. Computational conditions of MD simulation
Curing temperature (◦C) 180
Pressure (MPa) 1.0 × 10−1
Acceleration factor A ( - ) 1014
DGEBA/DETA
Activation energy ∆G (kcal/mol): Primary amine 32.06 [31]
Secondary amine (corner) 34.03 [31]
Secondary amine (center) 35.82 [31]
Heat of formation ∆H (kcal/mol): Primary amine 31.68 [31]
Secondary amine (corner) 34.45 [31]
Secondary amine (center) 30.66 [31]
DGEBA/44DDS
Activation energy ∆G (kcal/mol): Primary amine 42.01 [10]
Secondary amine 40.79 [10]
Heat of formation ∆H (kcal/mol): Primary amine 28.31 [10]
Secondary amine 22.05 [10]
TGDDM/DETA
Activation energy ∆G (kcal/mol): Primary amine 35.34 [31]
Secondary amine (corner) 34.67 [31]
Secondary amine (center) 35.73 [31]
Heat of formation ∆H (kcal/mol): Primary amine 31.85 [31]
Secondary amine (corner) 33.14 [31]
Secondary amine (center) 32.14 [31]
from Chapter 4, were selected for the simulation. Simulation cells were constructed from
approximately 11,000 atoms and curing simulation was carried out under curing temperature
of 180 ◦C and atmospheric pressure of 0.01 MPa, following the holding condition described in
Section 5.2. Simulation conditions of MD simulation are summarized in Table 5.1.
For microscopic PUC analysis, a unit-cell model was discretized with a fiber diameter of 5 µm
and a fiber volume fraction of 56%. Material properties used for microscopic PUC analysis are
presented in Table 5.2.
Asymmetric laminate with stacking sequence of [0/90] and the dimension of 100 mm × 25
mm × 0.50 mm was used for mesoscopic FE analysis, following the experimental fabrication
described in Section 5.2. Material properties used for mesocopic FE analysis are shown in
Table 5.3.
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Table 5.2. Material properties of carbon fiber and matrix resin used for microscopic PUC
analysis
Fiber longitudinal Young’s modulus EL 294 GPa
Fiber transverse Young’s modulus ET 19.5 GPa
Fiber longitudinal Poisson’s ratio νL 0.17
Fiber transverse Poisson’s ratio νT 0.46
Matrix Young’s modulus Em 3.2 GPa
Matrix Poisson’s ratio νm 0.38
Fiber diameter df 5 µm
Fiber volume fraction Vf 56%
Table 5.3. Material properties of unidirectional lamina used for mesoscopic FE analysis
Longitudinal Young’s modulus E1 151 GPa
Transverse Young’s modulus E2, E3 9.16 GPa
Shear modulus G12, G13 4.62 GPa
Shear modulus G23 2.55 GPa
Poisson’s ratio ν12, ν13 0.302
Poisson’s ratio ν23 0.589
Coefficient of thermal expansion for longitudinal direction α1 0 × 10−6/K
Coefficient of thermal expansion for transverse direction α2, α3 33 × 10−6/K
Temperature change ∆T −150 K
5.4 Results and Discussion
Figure 5.6 shows cure shrinkage–DOC curves predicted by MD simulation of the three
epoxy resins. In these figures, blue plots represent predicted volume shrinkage and red dashed
lines depict the gelation point of resin. Although volumetric shrinkage increased with an
increase in DOC, the influence of cure shrinkage before gelation on residual deformation can
be negligible because liquid-state resin does not contribute to residual stress development. The
DOC at gelation, final DOC and slope of cure-shrinkage curve after gelation were extracted for
subsequent PUC analysis to predict cure-shrinkage properties of a unidirectional lamina.
Figure 5.7 shows cure-shrinkage–DOC relationship of a unidirectional lamina obtained by
microscopic PUC analysis. In these figures, the blue lines represent shrinkage strain in the fiber
axial direction and the red dashed lines illustrate shrinkage strain in the transverse direction. The
gelation point of the matrix resin is depicted by the black dashed line. Orthotropic shrinkage
due to the presence of stiff fibers can be seen in the predicted shrinkage strains. The final
– 97 –
Chapter 5 Multiscale Modeling for Process-Induced Residual Deformation in Polymer-Matrix Composites





























Degree of cure (%)

































Degree of cure (%)

































Degree of cure (%)




Fig. 5.6. Volumetric cure shrinkage of matrix resin predicted by MD simulation
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Fig. 5.7. Cure-induced residual strains of unidirectional lamina predicted by PUC analysis
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transverse shrinkage strains were between −0.41% and −0.65%. These values agreed with a
experimentally measured value of −0.46% for AS4/8553 unidirectional prepreg [32]. These
axial and transverse cure-shrinkage strains of a unidirectional lamina were used for mesoscopic
FE analysis to predict process-induced deformation.
Figure 5.8 compares process-induced residual deformation of asymmetric laminates obtained
by experiment and three-scale analysis. As seen in the figures, predicted shapes of process-
induced deformation agreed well with experimental one. Residual deformation was defined
as a height between the center of laminate and deformed edge, shown in Fig. 5.8 by red
dashed lines. Although simplified simulation conditions were used for the three-scale analysis,
mesoscale analysis predicted experimental residual deformation within the error of 16%. These
results demonstrated that a three-scale approach combining MD simulation and two-scale FE
12.5 mm





















(d) Predicted deformed shape with TGDDM/
DETA matrix




analysis have attractive potential to evaluate the influence of matrix thermosets on process-
induced deformation without costly experimental trials. Applying the MD–FEM multiscale
approach to material screening on the early design stage will contribute to accelerating design
and manufacturing of composite structures by reducing time and cost consuming experimental
material characterization.
5.5 Summary
In this chapter, a three-scale analysis approach consisting of MD simulation and two-scale
FE analyses was developed to evaluate the influence of matrix thermosets on process-induced
deformation of PMC structures. Cure-induced shrinkage and gelation point of thermosetting
matrix were predicted by MD simulation demonstrated in Chapter 4. Subsequently, unidi-
rectional lamina shrinkage due to matrix reaction was predicted by PUC analysis, based on
cure shrinkage history and gelation point obtained by MD simulation. Finally, process-induced
residual deformation of PMC laminate due to cure-shrinkage and thermal strain was predicted
by mesoscopic FE analysis, employing cure-shrinkage profile of a unidirectional lamina ob-
tained by PUC analysis. The developed approach was applied to simplified fabrication tests
of asymmetric laminates to evaluate the prediction capability of the MD–FEM approach and
the influence of matrix materials on process-induced deformation. The MD-based PUC anal-
ysis reasonably reproduced transverse shrinkage strain of cured lamina reported in literature.
The mesoscopic FE analysis predicted process-induced displacement of asymmetric laminate
within the error of 16% despite simplified assumptions of the developed approach. These
results demonstrate that MD-based multiscale FE analysis is an efficient tool to examine the
matrix material influence on process-induced deformation without time and cost consuming
experiment.
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In this study, multiscale approaches to evaluate the structural integrity of composite structures
were investigated to improve design, fabrication, and operation strategies of composite aircraft.
The structural integrity was discussed from the viewpoints of initial failure and manufacturing
defects toward the establishment of a complete virtual testing framework for composite struc-
tures. The initial cracking problems were addressed in Chapters 2 and 3, employing two-scale
finite-element (FE) analysis accounting for both microscopic material heterogeneity and macro-
scopic laminate deformation. The manufacturing process-induced deformation was studied in
Chapters 4 and 5, using molecular dynamics (MD) simulation for constituent-level prediction
and a MD–FEM three-scale approach for laminate-level prediction. The results of this study
are reviewed in this chapter, and then the contribution of this study to the composite material
field is discussed.
In Chapter 2, the influence of free-surface stress concentration on crack initiation in fiber-
reinforced composites was evaluated by multiscale analysis employing the mesh superposition
method to develop an efficient multiscale crack prediction framework. The mesh-superposition
multiscale analysis appropriately modeled the free-surface stress field in the local analysis
and examined the effect of such stress field on crack growth on the fiber-diameter scale.
Comparison of predicted results with experimental cracking strains of unidirectional off-axis
laminates showed that the free-surface effect was not critical to final failure. It indicates that
evaluation of crack initiation not accounting for the free-surface effect can provide accurate
prediction of fatal fracture of laminates.
In Chapter 3, initial cracking of quasi-isotropic laminates depending on laminate configura-
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tions was investigated through comparison of decoupled two-scale FE analysis and experimental
observation. Decoupled two-scale FE analysis composed of fiber-diameter-scale periodic unit-
cell (PUC) analysis and laminate-scale FE analysis was developed based on results presented in
Chapter 2. The developed two-scale analysis was applied to experiments reported in previous
work and conducted in this study to validate the developed multiscale analysis and discuss
the initial cracking mechanism of quasi-isotropic laminates. Comparison of predicted results
with experiment data reported in previous work validated the developed two-scale FE ap-
proach. Comparison of multiscale predictions with detailed experimental observation in this
study showed that damage in the 90◦ layer of quasi-isotropic laminates was initially caused by
microcrack nucleation and coalescence near the free edge of laminates followed by full-width
transverse cracking.
Through the investigation presented in Chapters 2 and 3, validity and effectiveness of two-
scale crack prediction is demonstrated. The multiscale approach well captured initial cracking,
and the results provided the better understanding of the initial cracking events in fiber-reinforced
composites. It will contribute to developing a sophisticated computational framework for the
evaluation of load carrying capability of laminated composites.
After evaluating load carrying capability of laminated composites, manufacturing process of
structural components needs to be determined to effectively use the material. The problems
related to manufacturing were addressed in Chapters 4 and 5 of this thesis.
In Chapter 4, the degree of cure (DOC) dependent properties of a thermosetting polymer were
evaluated by MD simulation and experimental techniques to validate MD prediction capability
for process modeling. The gelation point, cure-induced volumetric shrinkage, glass transition
temperature, and coefficient of thermal expansion (CTE) were selected for the validation as
manufacturing-related properties of thermoset polymers. Comparison of MD predictions with
experimental values showed that MD simulation can quantitatively predict gelation DOC, cure
shrinkage, CTE, and an increment of glass transition temperature for a binary epoxy system
composed of a base resin and a curing agent. The results in this chapter demonstrated that MD
simulation can provide input data used for material model development of fundamental resin
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systems instead of the cost- and time-consuming experiment.
In Chapter 5, three-scale analysis composed of MD simulation, microscopic PUC analysis,
and mesoscopic FE analysis was developed to evaluate the influence of matrix thermosets on
process-induced residual deformation of composite parts. To assess the prediction capability
of the developed three-scale analysis, composite laminate with asymmetric configuration was
fabricated. Comparison of multiscale predictions with a fabricated specimen showed that three-
scale approach developed in this study can reasonably predict process-induced deformation of
composite plates. The influence of base resin and curing agent for thermoset matrix on process-
induced deformation was described by the three-scale analysis. These results indicate that
the developed three-scale approach can be used to assess process-induced deformation with
fundamental thermoset matrix, which can accelerate design and manufacturing processes of
composite parts particularly on the early design phase.
Through the investigation in Chapters 4 and 5, the validity of MD simulation for process
modeling and the effectiveness of MD-based multiscale process simulation were demonstrated.
The results indicate that the MD simulation is a good candidate to characterize cure-dependent
properties of thermosetting polymers, and the predicted values can be used to develop material
models for process simulation.
The evaluation of the structural integrity of composite structures requires the understanding
of both strength and manufacturing aspects. The lack of validated prediction methodologies
accounting for the multiscale nature of fiber-reinforced composites was addressed through this
study from the viewpoints of initial cracking and process-induced deformation. The results
presented in this study will contribute to development of a comprehensive multiscale analysis
framework that optimizes design, manufacturing, and operation of composite structures. For
instance, the two-scale FE analysis developed through Chapters 2 and 3, and the MD simu-
lation validated in Chapter 4 can be applied to material selection of composite structures by
computationally evaluating constituent properties such as cracking strains of laminates and
thermovolumetric properties of thermoset matrix. Subsequently, a manufacturing process of
composite parts made from the selected materials can be designed by the three-scale approach
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developed in Chapter 5. This work flow reduces the use of experimental techniques, and it
directly affects design cost and period of composite structures. Integration of achievements of
this study within current computational methodologies can improve the completeness of the
multiscale strategy for evaluating the structural integrity of composite structures. I believe
that this study will contribute to development of a comprehensive multiscale framework of
composite structures in the future.
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Appendix A
Energy Criterion for Transverse Crack
Prediction on Laminated Composites
An analytical model [1] used to predict steady-state cracking strain in the 90◦ ply of quasi-
isotropic laminates is briefly described here. Steady-state ply cracking is a fracture mode
wherein a ply crack propagates over the width of the specimen under constant thermo-
mechanical loading. The model used here assumes that a new ply crack is generated between
two pre-existing cracks with a crack spacing 4l: thus, a unit cell of a target ply shown in Fig. A.1
was used for the prediction. The energy release rate associated with new crack formation is
expressed as:
Γk (ρ) = −
Uk (ρ/2) − 2Uk (ρ)
tk
, (A.1)
where Uk (ρ) is the strain energy of the k-th ply of N-ply laminate calculated on the unit cell
with crack spacing 2l and ply thickness tk and ρ is the ply crack density defined as ρ = 1/(2l).




{σ̄L − σ̄th}T S̄L {σ̄L − σ̄th} . (A.2)
Here, σ̄L is the applied stress of the laminate, σ̄th is the laminate stress that removes the
contribution of the thermal residual stress of the k-th ply from Uk (ρ), tL is the laminate
thickness, and S̄L is the effective compliance matrix of the laminate with ply cracks. S̄L
can be calculated using the three-dimensional laminate theory [2] and the continuum damage
mechanics based on the effective stiffness matrix C as described in literature [1]. Detailed






















Fig. A.1. Representative unit cell used for analytical prediction of steady-state cracking in
k-th ply of laminate
Steady-state ply cracking analysis of the laminate with arbitrary lay-ups was conducted by the
following procedure. First, the energy release rate of each ply, Γk , in Eq. (A.1) was calculated
for the applied laminate stress σ̄L as a function of the ply crack density ρ, assuming that cracks
are formed only in the k-th ply. Then, the critical applied laminate stress associated with k-th
ply cracking, σ̄c,kL , was determined as the applied laminate stress where maxρ [Γk (ρ)] is equal
to the critical energy release rate Γc. Finally, the initial steady-state cracking strain of laminate
was determined as the strain at which a ply crack was formed in a ply that had the minimum
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